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Abstract — The impact that produced North Ray Crater, Apollo 16 landing site, exhumed rocks that include 
relatively malic members of the lunar ferroan anorthositic suite. Bulk and mineral compositions indicate that a 
majority of 2-4 mm lithic fragments from sample 67513, including impact breccias and monomict igneous 
rocks, are related to a common noritic-anorthosite precursor. Compositions and geochemical trends of these 
lithic fragments and of related samples collected along the rim of North Ray Crater suggest that these rocks 
derived from a single igneous body. This body developed as an orthocumulate from a mixture of cumulus 
plagioclase and mafic intercumulus melt, after the plagioclase had separated from any cogenetic mafic minerals 
and had become concentrated into a crystal mush (~70 wt% plagioclase, 30 wt% intercumulus melt). We 
present a model for the crystallization of the igneous system wherein “system” is defined as cumulus plagioclase 
and intercumulus melt. The initial accumulation of plagioclase is analogous to the formation of thick anorthosites 
of the terrestrial Stillwater Complex; however, a second stage of formation is indicated, involving migration of 
the cumulus-plagioclase- intercumulus-melt system to a higher crustal level, analogous to the emplacement of 
terrestrial massif anorthosites. Compositional variations of the lithic fragments from sample 67513 are consistent 
with dominantly equilibrium crystallization of intercumulus melt. The highly calcic nature of orthocumulus 
pyroxene and plagioclase suggests some reaction between the intercumulus melt and cumulus plagioclase, 
perhaps facilitated by some recrystallization of cumulus plagioclase. Bulk compositions and mineral assemblages 
of individual rock fragments also require that most of the mafic minerals formed in close contact with cumulus 
plagioclase, not as separate layers. The distribution of compositions (and by inference, modes) has a narrow 
peak at anorthosite and a broader, larger peak at noritic anorthosite. 

Characteristics of the samples and their geochemical trends imply an origin in a system that was large relative 
to the (unknown) size of the impact that produced the breccias of ferroan noritic-anorthosite composition that 
were excavated later by the formation of North Ray Crater, and they appear to be consistent with an origin of 
the suite within a perched plagioclase cumulate. If the Moon's crust formed by accumulation of plagioclase in 
a magma ocean, ferroan noritic anorthosite, formed as an orthocumulate, is an alternative to extensive adcumulus 
formation of ferroan anorthosite ( >90 vol% plagioclase). This provides a relatively mafic ferroan anorthositic 
component (~15 vol% mafics ), which is required by mass-balance models of compositions of polymict lunar- 
crustal materials. The inferred bulk composition of the system of cumulus plagioclase and intercumulus melt is 
similar to that of ferroan regolith breccia MacAlpine Hills 88104/5, a lunar-highland meteorite, and may rep- 
resent a common and widespread component of the Moon’s early highland crust. 


“. . . current knowledge of structural relationships among lunar 
highland rocks is such that more conventional avenues of rea- 
soning are not appropriate.” 

McCallum et al. ( 1975 ) 

INTRODUCTION 

That the Moon differentiated early and rapidly to form a crust 
and mantle is generally accepted, and the most popular model 
for this differentiation is solidification of a global magma 
ocean. In that scenario, dense mafic minerals produced the 
lunar mantle, and less dense plagioclase rafted to the surface 
or upper parts of the ocean to produce a ferroan, plagioclase - 
rich crust. Other proposed scenarios involve serial magma- 
tism, i.e., repeated intrusion of many anorthosite-producing 
magmas into the upper crust (e g.. Walker, 1983; Longhi and 
Ashwal, 1985). Determining just how the early lunar differ- 
entiation processes operated will help us understand the early 
differentiation of other planets, including Earth. 

The impossibility of field mapping of lunar plutonic for- 
mations and the extensive modification of accessible highland 


igneous rocks by meteoroid impact has complicated this task. 
We know little about relative abundances of different plutonic 
lithologies and petrogenetic relationships among them. Were 
there large bodies of nearly pure ( >95% ) plagioclase, imply- 
ing an efficient and widespread adcumulus* process (e.g.. 


* Cumulus terminology. We use cumulus terminology with the mean- 
ings ascribed by Wager et al. (1960) and reviewed more recently by 
Wadsworth (1985). Cumulus plagioclase refers to crystals that nucleated 
and grew from magma as primary crystals and were subsequently re- 
moved to a bounding surface where they accumulated, in this case, as a 
suspended or rafted layer. Initially, cumulus grains are partially enclosed 
by intercumulus melt or liquid having the composition of contemporary 
magma. Eventual solidification would lead to intercumulus material , 
which might take the form of overgrowths on cumulus grains, interstitial 
grains, or reaction with or replacement of cumulus grains. Any modifi- 
cations subsequent to the initial accumulation phase are postcumulus . 
without regard to a specific process. Adcumulates form when intercu- 
mulus liquid is squeezed out by postcumulus growth of cumulus grains 
combined with selective diffusion, leading to further growth of cumulus 
grains of uniform composition. Orthocumulate s form when intercumulus 
liquid solidifies in place, producing normally zoned rims on cumulus 
grains as well as interstitial grains of several minerals. 
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Table 1. Chemical compositions of selected 2-4 mm particles from sample 67513, Station 11. 


sample # 

,7008 

,7011 

,7012 

,7024 

,7040 

,7052 

,7061 

(67513,7xxx) 

f Fragmental Bx 

Bx + An Clast 

Gabbronorite 

Fragmental Bx 

Impact-melt Bx 

Anorthosite 

Nor Anorthosite 

mass (mg) 

32.3 

33.1 

40.5 

42.1 

33.7 

39.8 

26.8 



Major Elements (E 

- electron microprobe of fused beads, I - INAA, (mr) - modal recombination) 


SiOi 

<E) 

45.2 

±0.25 

44.7 

± 0.17 

48.0 ± 0.38 

44.9 ± 0.24 

44.9 

±0.35 

44.6 

(mr) 

45.4 ± 0.84 

Ti0 2 

(E) 

0.37 

±0.07 

0.09 

± 0.016 

1.36 ±0.05 

0.27 ±0.022 

0.32 

±0.044 

0.03 

(mr) 

0.12 ±0.07 

ai 2 o 3 

(E) 

27.8 

±0.31 

31.7 

±0.21 

11.1 ±0.39 

28.0 ±0.14 

29.5 

±0.58 

33.1 

(mr) 

30.2 ± 1.2 

Cr 2 Oj 

(E) 

Oil 

±0.02 

0.05 

± 0.025 

0.39 ±0.03 

0.09 ±0.03 

0.10 

±0.02 

0.04 

(mr) 

0.07 ±0.03 

Cr 2 0 3 

(I) 

0.107 


0.045 


0.398 

0.108 

0.080 


0.045 


0.074 

FeO* 

(E) 

5.63 

±0.15 

3.01 

±0.06 

15.68 ±0.34 

6.02 ±0.12 

4.29 

±0.13 

1.66 

(mr) 

3.96 ±0.37 

FeO* 

(I) 

5.92 

±0.08 

2.82 

± 0.04 

15.76 ±0.22 

6.17 ±0.09 

4.07 

±0.06 

1.65 

±0.03 

3.70 ±0.05 

MnO 

(E) 

0.11 

±0.02 

0.05 

± 0.02 

0.24 ±0.02 

0.08 ±0.02 

0.06 

±0.02 

0.02 

(mr) 

0.06 ±0.02 

MgO 

(E) 

4.02 

±0.09 

1.78 

± 0.04 

10.08 ±0.15 

3.48 ±0.05 

3.08 

±0.14 

1.59 

(mr) 

2.19 ±0.22 

CaO 

(E) 

16.74 

±0.18 

18.22 

±0.10 

12.93 ±0.08 

16.71 ±0.09 

17.32 

±0.14 

18.80 

(mr) 

17.63 ±0.19 

CaO 

(I) 

16.4 

±0.8 

18.3 

±0.4 

13.2 ± 0.5 

16.7 ± 0.6 

17.0 

±0.4 

18.3 

±0.4 

17.4 ± 0.4 

Na 2 0 

(E) 

0.31 

±0.02 

0.30 

±0.01 

0.19 ±0.01 

0.36 ±0.01 

0.39 

±0.02 

0.29 

(mr) 

0.40 ±0.01 

Na a O 

(I) 

0.321 ±0.005 

0.328 ± 0.005 

0.189 ±0.003 

0.372 ± 0.005 

0.413 ± 0.006 

0.274 ± 0.004 

0.391 ±0.006 

k 2 o 

(E) 

0.01610.007 

0.014 ±0.007 

0.010 ±0.008 

0.020 ± 0.008 

0.014 ± 0.007 

0.01 

(mr) 

0.03 ±0.01 

p 2 o. 

(E) 

0.02 

± 0.04 

<0.02 

±0.02 

0.03 ±0.02 

<0.02 

0.03 

±0.02 



<0.02 

Oxide 

Sum 

100.6 


99.7 


100.1 

100.2 

99.8 


99.7 


99.8 

Mg’ 2 


0.56 


0.51 


0.53 

0.51 

0.56 


0.63 


0.50 







Trace Elements (INAA) 






Sc 


13.6 

±0.2 

6.3 

±0.1 

42.4 ±0.6 

13.2 ±0.2 

9.8 

±0.2 

3.20 

±0.05 

10.1 ±0.2 

Cr 


730 

± 10 

308 

±4 

2720 ±40 

740 ± 10 

549 

±8 

307 

±4 

503 ±7 

Co 


8.3 

±0.1 

2.31 

±0.03 

15.7 +0.2 

7.1 ±0.1 

5.3 

±0.1 

1.72 

±0.02 

1.86 ± 0.03 

Ni 


<19 


<53 


<51 

n.d. 

<38 


<14 


<35 

Zn 


20 

± 1 

n.d. 


52 ±7 

n.d. 

n.d. 


5.2 

± 0.6 

n.d. 

Rb 


1.4 

±0.5 

<1.8 


<7 

0.9 

<2 


<1.6 


<2 

Sr 


149 

±7 

147 

± 9 

70 ± 17 

121 ± 13 

158 

± 11 

145 

±7 

157 ±11 

Zr 


19 

±6 

<29 


85 ±24 

24 ± 12 

28 

± 11 

<16 


<47 

Cs 


0.070 

± 0.009 

0.045 

± 0.015 

<0.16 

<0.09 

0.039 

± 0.017 

0.022 

± 0.009 

0.05 ± 0.03 

Ba 


20 

±6 

22 

±3 

<45 

<39 

22 

±4 

10 

± 3 

14 ±4 

La 


1.34 

± 0.03 

0.573 

±0.010 

2.81 ±0.05 

1.143 ±0.025 

1.61 

± 0.025 

0.17 

± 0.006 

0.496 ±0.014 

Ce 


3.84 

±0.12 

1.57 

± 0.08 

7.4 ± 0.6 

3.02 ±0.17 

4.53 

±0.13 

0.45 

± 0.05 

1.30 ±0.08 

Nd 


<4 


<4 


7.3 ± 2.2 

<4 

3.2 

±0.9 

n.d. 


<6 

Sm 


0.781 

±0.015 

0.310 

±0.004 

1.85 ± 0.03 

0.654 ±0.012 

0.906 

±0.014 

0.078 

±0.002 

0.276 ±0.004 

Eu 


0.752 

±0.011 

0.733 

±0.013 

0.530 ±0.012 

0.706 ±0.013 

0.843 

±0.014 

0.661 

±0.012 

0.843 ±0.016 

Tb 


0.194 

± 0.005 

0.075 

± 0.006 

0.490 ±0.018 

0.152 ±0.008 

0.206 

± 0.008 

0.018 

± 0.003 

0.077 ±0.007 

Yb 


0.834 

± 0.024 

0.336 

± 0.009 

2.04 ± 0.04 

0.728 ±0.024 

0.809 

±0.017 

0.074 

± 0.005 

0.368 ±0.011 

Lu 


0.124 

± 0.007 

0.048 

± 0.002 

0.290 ±0.008 

0.101 ±0.005 

0.117 

±0.003 

0.010 

± 0.001 

0.055 ±0.002 

Hf 


0.60 

±0.017 

0.148 

±0.016 

1.75 ± 0.05 

0.47 ±0.03 

0.65 

± 0.022 

0.044 

±0.01 

0.179 ±0.019 

Ta 


0.067 

± 0.005 

0.02 

±0.01 

0.286 ±0.016 

0.069 ±0.009 

0.088 

±0.008 

<0.016 


<0.06 

Ir 


0.7 

±0.3 

<0.9 


<2 

<6 

0.9 

±0.4 

<0.5 


<1.6 

Au 


<1.9 


<1.2 


<4 

<2 

<0.13 


<0.7 


<1.6 

Th 


0.142 

±0.012 

0.057 

±0.010 

0.41 ± 0.03 

0.144 ±0.017 

0.187 

± 0.012 

0.018 

± 0.005 

0.036 ±0.009 

U 


<0.2 


<0.1 


<0.3 

<0.18 

<0.16 


<0.05 


<0.14 


Oxide concentrations given in weight percent; trace elements in ppm; Au and Ir in ppb. Oxide sum includes Cr 2 C> 3 , FeO, and Na 2 0 as determined by 
INAA and other oxides as determined from analysis of fused beads or modal recombination. ‘Total Fe reported as FeO. 2 Mg' calculated using FeO 
(E). “n.d.” - not detected. Uncertainties are l-<y estimates of analytical precision. Sample descriptions: ,7008 - complex fragmental breccia; ,7011 - 
glassy-matrix breccia with coarse anorthositic clast; ,7012 - relict- igneous gabbronorite; ,7024 - complex crystalline/fragmental-matrix breccia; ,7040 - 
clast-bearing impact-melt breccia; ,7052 - igneous, anorthosite; ,7061 - relict-igneous noritic anorthosite. 


Ryder, 1992), or did ferroan anorthosite form small masses 
within rock bodies that were overall more mafic? Did some 
ferroan anorthositic rocks form mainly by orthocumulus pro- 
cesses or by rafting of small portions of cumulus mafic min- 
erals, making them somewhat more mafic than typical ferroan 
anorthositic rocks in the Apollo samples (e.g., Warren, 
1990)? Was there crude layering of early crustal differenti- 
ates, with plagioclase-rich anorthosites accumulating prefer- 
entially at some level (e g., Hawke et al., 1992)? 

The most direct information has come from identification 
and characterization of surviving fragments of plutonic rocks 
that retain igneous texture (see Warren, 1993, summary of 
“pristine’' highland rocks). Such rocks, however, make up 
only a small fraction of returned highland samples. Most re- 
turned highland materials are polymict soils and breccias that 
derive from a broader variety of igneous rocks than the larger 


plutonic fragments represent. We need to learn how to deter- 
mine the identities, relative abundances, and modes of origin 
of their parent lithologies. In this paper, we show how a suite 
of mostly polymict lithic fragments collected from the rim of 
North Ray Crater may represent a large plutonic body and, if 
so, what constraints they provide on the nature of geochemical 
processes that produced their igneous precursor. 

PREVIOUS WORK 

Rocks of the ferroan anorthositic suite are abundant among the 
North Ray Crater samples, both as monomict igneous rocks and as 
clasts in polymict breccias. Many are ferroan anorthosite (sensu 
stricto, i.e., >90 vol% plagioclase), but more mafic rocks that have 
similar mineral compositions are also common and occur mainly as 
clasts in feldspathic breccias such as 67015 (Marvin et al., 1987), 
67016 (Norman, 1981; Norman et al., 1991; Norman and Taylor, 
1992), 67035 (Ryder and Norman, 1979), 67075 (Hubbard et al., 
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Table 1. Continued. 

sample U ,7071 ,7075 ,7088 ,7097 AN-G BHVO-1 

(67513,7xxx) 1 Anorthosite Anorthosite Complex Breccia Gabbronorite Anorthosite Basalt 

mass (mg) 24.6 16.2 27.6 18.2 43.6 1 1.0 

Major Elements (E - electron microprobe of fused beads, I - INAA, (mr) - modal recombination) 


Si0 2 

(E) 

44.3 

(mr) 

44.1 

(mr) 

46.8 

± 0.67 

47.6 

± 0.79 





Ti0 2 

(E) 

0.02 

(mr) 

0.01 

(mr) 

0.28 

± 0.04 

0.34 

±0.11 





A1 2 Oj 

(E) 

35.8 

(mr) 

34.7 

(mr) 

23.6 

± 0.83 

20.0 

± 1.1 





Cr 2 Oj 

(E) 

0.001 

(mr) 

0.01 

(mr) 

0.12 

± 0.02 

0.22 

±0.02 





Cr 2 Oj 

(I) 

0.001 


0.013 


0.131 


0.202 






FeO 1 

(E) 

0.20 

(mr) 

0.90 

(mr) 

8.20 

± 0.49 

10.48 

±0.35 





FeO 1 

(I) 

0.204 ± 0.003 

0.87 

±0.01 

8.14 

± 0.12 

10.81 

±0.15 

2.95 

±0.04 

11.09 

±0.16 

MnO 

(E) 

0.001 

(mr) 

0.02 

(mr) 

0.12 

± 0.03 

0.16 

±0.02 





MgO 

(E) 

0.16 

(mr) 

0.62 

(mr) 

5.27 

± 0.38 

6.67 

±0.27 





CaO 

(E) 

19.66 

(mr) 

19.35 

(mr) 

15.13 

±0.26 

14.19 

±0.04 





CaO 

(I) 

18.9 

± 0.4 

18.0 

± 0.7 

15.4 

± 0.6 

14.5 

± 0.3 

15.8* 

±0.4 

11.2 

± 0.9 

Na 2 0 

(E) 

0.37 

(mr) 

0.30 

(mr) 

0.27 

± 0.02 

0.24 

± 0.01 





Na 2 0 

(I) 

0.372 ± 0.005 

0.276 ± 0.004 

0.276 ± 0.004 

0.244 ± 0.003 

1.66* ±0.02 

2.27 

±0.03 

k 2 o 

(E) 

0.01 

(mr) 

0.01 

(mr) 

0.02 

±0.01 

0.04 

±0.01 





p 2 o 3 

(E) 

<0.01 

(mr) 

<0.02 

(mr) 

0.02 

±0.02 

<0.02 

± 0.02 





Oxide Sum 

100.4 


100.0 


99.8 


100.3 






Mg' 


0.58 


0.55 


0.53 


0.53 












Trace Elements (INAA) 





Sc 


0.33 

± 0.005 

1.5 

± 0.022 

16.1 

±0.23 

26.2 

± 0.4 

10.0 

± 0.14 

31.0 

± 0.4 

Cr 


10.5 

± 0.15 

88 

± 1.2 

898 

± 13 

1379 

± 19 

47.6 

±0.7 

291 

± 4 

Co 


0.11 

± 0.003 

0.3 

± 0.007 

13.2 

± 0.19 

14.1 

±0.2 

24.6 

±0.3 

45.1 

±0.6 

Ni 


3.3 

± 1.3 

n.d. 


<27 


<56 


40 

± 11 

132 

± 20 

Zn 


1.41 

± 0.14 

2 

± 0.4 

18 

± 1.1 

28 

± 1.7 

22.5 

± 1.2 

118 

±3 

Rb 


0.48 

±0.11 

1.1 

±0.3 

2.1 

± 0.7 

<6 


<3 


11.2 

± 2.2 

Sr 


164 

± 3 

155 

± 7 

134 

± 9 

108 

± 15 

81 

± 10 

397 

± 21 

Zr 


<10 


<10 


25 

± 8 

<80 


<39 


185 

± 22 

Cs 


0.041 

± 0.003 

0.096 

± 0.008 

0.041 

± 0.013 

0.10 

±0.05 

0.046 

±0.018 

0.10 

±0.03 

Ba 


8.4 

± 0.8 

8 

± 3 

15 

± 7 

28 

± 8 

38 

± 5 

117 

± 15 

La 


0.123 

± 0.004 

0.226 

±0.015 

1.27 

± 0.03 

2.19 

±0.03 

2.22 

±0.05 

15.5 

±0.23 

Ce 


0.273 

± 0.016 

0.58 

±0.05 

3.44 

±0.11 

6.09 

± 0.2 

4.92 

±0.10 

37.7 

±0.6 

Nd 


0.36 

± 0.16 

n.d. 


<6 


5.7 

± 1.6 

3.0 

± 1.4 

21 

±3 

Sm 


0.048 

± 0.002 

0.099 

± 0.003 

0.718 

± 0.012 

1.351 

± 0.019 

0.742 

±0.012 

6.2 

±0.1 

Eu 


0.771 

± 0.011 

0.718 

± 0.012 

0.727 

± 0.013 

0.695 

±0.015 

0.361 

±0.009 

2.04 

± 0.04 

Tb 


0.007 

± 0.001 

0.02 

± 0.003 

0.172 

± 0.006 

0.334 

± 0.012 

0.179 

± 0.007 

0.95 

±0.02 

Yb 


0.027 

± 0.002 

0.103 

±0.012 

0.789 

± 0.024 

1.42 

±0.03 

0.84 

±0.02 

2.00 

+ 0.06 

Lu 


0.0019 

1 0.0003 

0.018 

± 0.003 

0.124 

± 0.007 

0.203 

± 0.005 

0.118 

± 0.004 

0.282 

±0.018 

Hf 


0.0078 

± 0.0025 

0.044 

± 0.009 

0.51 

± 0.018 

0.69 

± 0.03 

0.41 

±0.02 

4.6 

± 0.09 

Ta 


<0.005 


<0.03 


0.052 

± 0.009 

0.065 

± 0.018 

0.16 

±0.01 

1.2 

±0.03 

Ir 


<0.3 


<0.7 


<1.9 


<6 


<2 


<3 


Au 


<1.4 


<1.7 


<2 


<3 


<4 


<7 


Th 


<0.007 


0.020 

± 0.005 

0.129 

±0.011 

0.264 

± 0.022 

0.048 

±0.007 

1.19 

±0.04 

U 


<0.13 


<0.1 


<0.2 


<0.17 


<0.20 


0.46 

±0.17 


See caption to first half of table. 'Total Fe reported as FeO. ^Sample descript ions: ,7071 - igneous, anorthosite; ,7075- calaclastic anorthositic breccia; 
,7088 - complex crystalli ne -frag menla I -matrix bre ccia; ,70 97 - relict- igneous gabbro norite. * AN-G u sed as analytical standard for Ca O & Na 2 Q. 


1974; McCallum ct al., 1975), 67215 (Lindstrom and Salpas, 1983; 
McGee. 1987; Warren ct al.. 1990), 67455 (Ryder and Norman, 
1979), and 67975 (McGee, 1987: James et al., 1987). Warren ( 1990, 
1993) has compiled lists and characteristics of specific rocks and 
clasts. 

Much previous work has been done to relate the various members 
of the ferroan anorthositic suite of rocks to each other petrogeneti 
cully. James et al. ( 1989) define four subgroups of ferroan anortho- 
sites based on mineral compositions and modes — mafic-magnesian, 
mafic -ferroan, anorthositic-sodic. and anorthositic- ferroan sub- 
groups. James ct al. ( 1989, 1991 ) concluded that there was no ade- 
quate petrogenetic scheme for the derivation of the entire ferroan 
anorthositic suite of rocks from a single magma. Recently, McGee 
( 1993, 1994) has argued, on the basis of consistent compositional 
trends in plagioelase and pyroxene in all of the ferroan anorthosites, 
that the subgroups may have a common parental magma, but that 
secondary processes such as magma mixing, complex postcumulus 
history, disruption of the magmatic system, or postcrystal lization 
shock metamorphism from impacts have imposed additional com- 
positional variations. 


ANALYTICAL METHODS 

Sample Handling 

Each of 219 2-4 mm lithic fragments from sample 67513 was 
rinsed ultrasonically and examined under a binocular microscope. 
Individual particles were weighed and sealed into ultrapure silica 
tubing for neutron irradiation. Following instrumental neutron acti- 
vation analysis (INAA) and 12 months “cool-down'’ time, thirty- 
six particles that represent the compositional groups and endmembers 
indicated by INAA were selected for detailed study. These were sawn 
in two; one half was made into a polished thin section for petro- 
graphic analysis, and the other half was reserved for a fused bead. 
We made fused beads of twenty samples for major-element analysis. 

Instrumental Neutron Activation Analysis 

The individual 2-4 mm fragments were irradiated for times rang- 
ing from 24 to 48 h at a thermal neutron flux of 4.0 X 10 n n cm 2 
s 1 . Samples and synthetic glass standards were radioassayed one 
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week following the irradiation and again two weeks later; each sam- 
ple received a total of three or four radioassays during these periods. 
INAA methods are described in detail by Korotev ( 1991 ). Data re- 
duction was done using the TEABAGS program (Lindstrom and 
Korotev, 1982). Estimates of analytical precision ( l-cr) are given in 
Table 1. As a check on accuracy, we include in Table 1 analyses of 
standard rock powders AN-G anorthosite (Govindaraju and Roe- 
landts, 1993) and BHVO-1 basalt (Gladney and Roelandts, 1988). 

Fused Beads 

Sample splits for fused beads, typically weighing 10-20 mg, were 
ground with an alumina mortar and pestle under acetone. Powders 
were fused on a Mo-strip resistance heater ( Brown, 1977 ) under Ar 
at atmospheric pressure. 

Electron Microprobe Analysis 

Mineral compositions and bulk compositions of glasses, fine- 
grained breccia matrices, and fused beads were determined with a 
JEOL 733 electron microprobe, using different combinations of min- 
eral, oxide, and glass standards, an accelerating voltage of 15 kV, 
and 20-40 nA beam currents, depending on the mineralogy of the 
target. Data were reduced by the method of Bence and Albee ( 1 968 ) . 
Analyses of breccia matrices, glasses, fused beads, and bulk exsolved 
pyroxenes were done with a broad beam (30-50 fim). A minimum 
of live analyses was done on each fused bead. The analytical preci- 
sion of this technique is limited by the homogeneity of the target; 
spot-to-spot standard deviations ( one-tr, n— 1 ) are shown in Table 1 . 
Terrestrial basaltic glass standards were used as controls for the 
fused-bead and matrix analyses. For breccia matrices, which consist 
of glass and mineral phases of different density, we report concen- 
tration ranges that incorporate corrections assuming density varia- 
tions involving anorthitc and low-Ca pyroxene (see Albcc et al., 
1977, and Nazarov et al., 1982, for discussion of broad-beam anal- 
yses of multiphase targets). 


DATA SET 

Compositional Groups within Sample 67513 

The 2-4 mm fragments from sample 67513 can be sepa- 
rated into two groups, mainly on the basis of compositional 
trends for incompatible and ferromagnesian trace elements, 
e.g., Sm and Sc ( Fig. 1 a). Incompatible trace elements ( ITE) 
have relatively constant interelement ratios in many of the 
samples, so Sm concentrations are a good measure of the level 
of ITE enrichment. We select Sm because we determine its 
concentration very precisely by INAA. Scandium, also deter- 
mined very precisely by INAA, is compatible in pyroxene, so 
its concentration is a measure of how mafic the sample assem- 
blages are; samples with low Sc concentrations are rich in 
plagiociase and those with high Sc concentrations are rich in 
pyroxene. 

The majority of the 67513 fragments ( 148 of 219; 70% by 
mass) have low ITE concentrations (<2 ppm Sm), Sc con- 
centrations ranging from <1 ppm (equivalent to >95% pla- 
gioclase) to 42.4 ppm (equivalent to ~70% pyroxene), and 
high Sc/Sm values ( >12, mean 17.6), typical of the ferroan 
anorthositic suite (Norman and Ryder, 1980). A good cor- 
relation between Sm and Sc concentrations extends to high 
Sc concentrations at low ITE concentrations and, from com- 
parison with an extensive compilation of literature data, is 
more pronounced than in any other group of analyzed lunar 
samples ( Fig. lb). We include in this group all samples lying 
along or below the correlation line that extends from low Sm 
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Fig. 1. (a) Concentrations of Sc vs. Sm for 2-4 mm lithic frag- 
ments from sample 67513. Two trends are evident: one extends to 
high Sc concentrations at low incompatible-trace-element (ITE) con- 
centrations and the other extends to high ITE concentrations along 
the approximate trend of other impact-melt breccia groups from 
Apollo 16 (Korotev, 1994). The ITE-poor group shown in (b) with 
an expanded Sm scale is characterized by high Sc/Sm values that are 
typical of ferroan anorthositic-suite samples in general (the parame- 
ters of the line, by linear regression of all 148 lithic fragments, are 
an R 2 value of 0.68, a slope of 0.047 ± 0.003, and an intercept of 0. 1 
± 0.2, effectively zero). The ITE-rich group includes impact-melt 
breccias that are unrelated, or of unknown relationship, to the ITE- 
poor group. 
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and low Sc concentrations to high Sc concentrations. Major- 
element data from electron-microprobe analysis of fused 
beads and from modal recombination, and trace-element data 
from INAA are given in Table 1 for a representative subset. 
This group is the main subject of this paper. 

The second group comprises samples enriched in incom- 
patible trace elements at relatively constant to slightly increas- 
ing Sc concentrations. These lithic fragments correspond 
compositionaliy to melt breccias of groups 2NR, 3, and 4 of 
Korotev ( 1994 ) . They are not considered further in this paper. 

The relationship of Sc concentrations to major-element 
compositions and mineral modes is illustrated on a plot of Sc 
vs. AI 2 O 3 (Fig. 2). The ITE-poor igneous fragments from 
sample 67513 and other ferroan samples from North Ray Cra- 
ter define a linear correlation extending from high A1?0 3 and 
low Sc concentrations to low AI 2 0 3 and high Sc concentra- 
tions. The Ai 2 0 3 concentrations of these samples range from 
those of anorthosite sensu stricto through gabbroic and noritic 
anorthosite to gabbronorite. The main reason for the correla- 
tion is different proportions of plagiociase (high Al, low Sc) 
and pyroxene (low Al, high Sc). Small variations in plagio- 
clase or pyroxene compositions do not alter the correlation 
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Fig. 2. Concentrations of Sc vs. alumina for lithic fragments from 67513 and other compositionally similar samples 
from North Ray Crater. Fields indicating normative mineralogy are based on alumina concentrations of assemblages 
according to the mineral proportions of Stoffler et al. ( 1980). The intersection of lines indicating alumina concentrations 
of held boundaries with the alumina-Sc correlation line for the ITE-poor group of particles from 67513 (solid squares) 
delineates the range of Sc concentrations for each indicated rock type for rocks of the ITE-poor group. “Station 1 1 
other" refers to analyzed samples from Station 1 1 taken from the literature. The dotted line represents the approximate 
trend of compositions of impact-melt rocks from the Apollo 16 site (after Fig. 1. Korotcv. 1994). 


noticeably. Olivine, which could upset this correlation, is not 
modally abundant, i.e., generally <2%. 

Lithology 

Most of the 2-4 mm particles are fragmental breccias, im- 
pact-melt breccias, or combinations of the two types. Particles 
that have relict igneous or granulitic textures are subordinate. 
Many of the polymict particles, however, including fragmen- 
tal and impact-melt breccias, contain recognizable lithic and 
mineral clasts of the same lithologies as the monomict, relict 
igneous samples. The Appendix contains descriptions of sam- 
ples that represent the monomict lithologies. 

Mineral compositions place the monomict samples in the 
ferroan anorthositic suite. Plagioclases range from ~An<^ in 
some coarse grains to An t>3 in rims of relatively coarse grains 
in intercumulus assemblages and An w in fine-grained inter- 
stitial plagioclase in those assemblages. Some plagioclase 
grains show minor compositional zoning (e.g., 2 An units). 
Plagioclase grains range up to several mm in size and range 
in form from blocky subhedral laths to large anhedral grains. 
Mafic silicates, dominantly pyroxenes, have Mg' values 
[molar Mg/(Mg + Fe)| ranging from ~().7-0.5 in pyrox- 


enes (Table A3) and —0.38-0. 50 in olivine (Table A5); 
Mg' values in monomict fragments are very uniform (e.g.. 
Fig. 3 ). Pyroxenes are exsolved, but exsolution lamellae are 
generally thin ( <20 (jm). In samples containing subealcic 
augite and calcic pigeonite grains, exsolution textures are 
complex, similar to those observed in 67075 ( McCallum et 
al., 1 975 ) . In individual grains, lamellar components are ho- 
mogeneous and compositions suggest intracrystalline dif- 
fusion and equilibration to — 800°C or less (Fig. 3). In sev- 
eral samples, inverted pigeonite overgrowths occur on 
rounded, subcalcic augite cores, and crystallization temper- 
atures inferred from their compositions (Fig. 3a) suggest 
more than one episode of crystallization. Minor olivine oc- 
curs in several of the igneous lithic fragments. Concentra- 
tions of CaO are low (0.06-0.10), typical of plutonic ori- 
gins, in olivine grains large enough to be unaffected by flu- 
orescence from adjacent plagioclase or pyroxenes during 
electron-microprobe analysis (plutonic olivine generally 
<0. 1 5% CaO; Ryder, 1 992 ) . Most of the igneous lithic frag- 
ments and clasts contain trace quantities of Cr-spinel ( Chr 5y 
66 Ple 2 „ 2 xUlv x i x ) • Ilmenite is rare and is found only in the 
pyroxene-rich assemblages. Monomict lithic fragments 
range in mode from >99% anorthite to nearly 70% pyrox- 
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Fig. 3. Pyroxene quadrilateral compositions with isotherms super- 
imposed from the two-pyroxene thermometer (low pressure) and 
“others” calculation method of Lindsley and Andersen (1983), tem- 
peratures in degrees centigrade. Dark-fill, large symbols are bulk py- 
roxene averages; medium-fill symbols are for individual broad-beam 
analyses of bulk pyroxenes; and light-fill, small symbols are for in- 
dividual exsolved lamellae, (a) Composition plots for 67513,7012 
gabbronoritic fragment and 67513,7052 anorthositic fragment, (b) 
Composition plots for 67513,7097 gabbronoritic fragment and 
67513,7061 noritic-anorthosite fragment. 

ene. We attach no special significance to the modes of in- 
dividual lithic fragments; although we assign rock names, 
we view them as descriptions of assemblages and do not 
imply that any individual fragment is necessarily a modally 
representative sample of a larger rock. 

Common among the ITE-poor lithic fragments in sample 
67513 are polymict breccias that have ferroan igneous assem- 
blages (i.e., low Mg' mafic silicates and coexisting anorthitic 
plagioclase, mainly >An 95 ) as dominant clast components. 
We use the term “polymict” in the sense that they consist of 
a mixture of rock types, including meteoritic contamination. 
These polymict lithic fragments have bulk trace-element and 
major-element compositions, however, that are very similar 
to those of the monomict, igneous samples and that are di- 
agnostic of their dominantly ferroan-suite assemblages, e.g., 
high Sc/Sm and Sc/A 1 2 0 3 values. The breccias also have low 
concentrations of siderophile elements; the mean Ni and Co 
concentrations of the ITE-poor fragments are 9 ppm and 6 
ppm (Table 2), corresponding to less than 0.1% meteoritic 
contamination. The fine-grained fragmental matrices and melt 
matrices of the polymict breccias are sufficiently similar in 
composition to the clast lithologies that they do not cause the 
particle bulk compositions to differ much from what we ex- 
pect for a mixture of their igneous clast components. Several 
representative breccias are described in the Appendix and 
their bulk compositions are given in Table 1. 

DISCUSSION 

The Monomict and Polymict Lithic Fragments as Samples 
of a Single Formation 

On the basis of similar mineral assemblages, mineral com- 
positions, bulk compositions, and compositional trends, we 


surmise that the lithic fragments, both monomict and poly- 
mict, are related petrogenetically to each other. The polymict 
breccias have low siderophile-element and incompatible-ele- 
ment concentrations, indicating little meteoritic contamina- 
tion and an absence of KREEP-like components, and their 
clasts have ferroan-suite mineral assemblages. Melt and frag- 
mental-matrix materials have essentially the same composi- 
tion as the clasts; apparently, both derive from the same rocks. 
Despite the absence of absolute chemical pristinity and the 
paucity of well-preserved igneous textures, we believe these 
breccias stem from a common precursor; i.e., they are dom- 
inantly genomict, consisting mostly of petrogenetically re- 
lated components (see Warren, 1993). Polymict fragments 
span the same compositional range as the monomict frag- 
ments with relict-igneous textures; thus, we suggest that the 
precursor to all was a single igneous rock body. McCall um et 
al. ( 1975) reached a similar conclusion regarding the “poly- 
mict” components of lunar rock sample 67075. 

On the basis of geochemical characteristics such as high 
Sc/Sm and CaO/FeO values, and low Sm/Yb values, the ig- 
neous fragments and related breccias in sample 67513 may 
be interpreted as a ferroan, relatively mafic component of Des- 
cartes material (Stoffleret al., 1981; Jolliff, 1991). As such, 
they were probably excavated originally by the Nectaris basin 
impact (Stoffler et al., 1981 ). Petrographically, they are sim- 
ilar to clasts in breccias 67455 (Minkin et al., 1977; Lindstrom 
and Salpas, 1981, 1983), 67075 (McCallumet al., 1975), and 
67215 (McGee, 1987). It is likely that the set of 67513 lithic 
fragments and those large breccias derive from a common 
precursor. We refer to the precursor igneous system that pro- 
duced the fragments as the ferroan noritic-anorthosite ( FNA ) 
composition igneous system. 

A Petrologic Model of the Precursor Igneous System 

We offer three observations pertinent to determining the 
nature of the igneous system that was the precursor to these 
fragments. First, abundant breccias that are dominantly gen- 
omict offer a sampling advantage that complements infor- 
mation based on scarce monomict rocks. The genomict brec- 
cia fragments are a crudely averaged sample of some larger 
rock body. Such a body could be part of a pluton or a magma 
ocean. 

Second, simple crystallization of a cotectic liquid would 
produce a much lower proportion of plagioclase relative to 
mafic minerals than we infer for the precursor igneous system. 
We thus take as a hypothesis that the precursor system was a 
mixture of plagioclase and cotectic melt. As we argue below, 
the incompatible-element concentrations of the mafic com- 
ponent are too high for it to be simply cumulus pyroxene. On 
the olivine-anorthite-silicapseudotemary projection, the com- 
positions of these samples lie along a band between plagio- 
clase and the plagioclase-olivine cotectic ( Fig. 4a). From the 
position of the average composition of the fragments on the 
olivine-silica-anorthite pseudotemary projection, we calculate 
by mass balance a 70:30 mass ratio of plagioclase to cotectic 
material (Fig. 4b). Positive correlations between Sc and pla- 
gioclase-incompatible elements, such as tri valent REEs, and 
negative correlations between Sc and plagioclase-compatible 
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elements such as CaO and A1 2 0 3 , suggest that these rocks are, 
to a first approximation, mixtures of cumulus plagioclase ( Sc- 
poor) and intercumulus melt (Sc-rich). The 70:30 relative 
proportions of “excess” plagioclase to cotectic melt is a value 
found for some terrestrial plagioclase cumulates (e.g., Haskin 
and Salpas, 1992) and corresponds to proportions of crystals 
at which magma-system viscosity rises sharply (Marsh and 
Maxey, 1985 ) . 

Third, the range of compositions of impact-melt and frag- 
mental-matrix breccias suggests that, on a gross scale, feld- 
spathic and mafic components of their precursor rocks were 
mixed, not widely separated. Bulk-breccia and melt-matrix 
compositions suggest that precursor rocks ranged from 23- 
31 wt% Al 2 0 3 , i.e., from anorthositic norite to gabbroic or 
noritic anorthosite. Impact melts ( as inferred from breccia ma- 
trix) as feldspathic as anorthosite ( >90 vol% plagioclase ) or 
as mafic as norite or gabbro ( <60 vol% plagioclase) are not 
found, suggesting that large segregations or layers of norite 
or gabbro were not present. We consider further the distri- 
bution of mafic and anorthositic rocks in the precursor in a 
later section. 

Compositions of Cumulus Plagioclase, Intercumulus Melt, 
and the Bulk System 

Compositions of ~75% of the 148 lithic fragments lie 
closely along the Sc-Sm correlation line of Fig. 1 . These were 
used to determine regression lines such as those shown in 
Figs. 5 and 6 for all well correlated elements. From the mean 
Sc concentration of the lithic fragments (8.6 ppm) and the 
regression lines shown in Fig. 7, we obtain average concen- 
trations for major elements not analyzed by INAA. The av- 
erage composition, determined in this way, is approximately 
that of noritic anorthosite, with some 30 wt% AI2O3, 8.6 ppm 
Sc, and 0.5 ppm Sm (Table 2). The composition is ferroan, 
with bulk Mg' of 0.56 and molar CaO/AFO^ of 0.58, higher 
than that of anorthite ( 0.53-0.55). Concentrations of incom- 
patible elements are very low, the trivalent REE are relatively 
unfractionated at 2-3 times chondritic values, and there is a 
positive Eu anomaly (Fig. 8). We refer to this average com- 
position as the FNA igneous-system bulk composition. 

We note that trace-element concentrations of the proposed 
system are similar to those of 67455 and are -'0.25-0.5 times 
those of Antarctic lunar meteorite MAC88 104/5 (Table 2). 
The bulk system composition, expressed as a volume norm 
(85% plagioclase, 13% pyroxene, and 2% olivine), resembles 
the average mode of the Stillwater Middle Banded Zone ( 82% 
plagioclase, 15% pyroxene, and 2% olivine; McCallum et al., 
1980). According to its normative mineralogy, low-Ca py- 
roxene exceeds high-Ca pyroxene by the ratio 7.6:5. 1; thus, 
we refer to the system as noritic anorthosite rather than gab- 
broic anorthosite. 

For geochemical modeling, we take the trace-element con- 
centrations of cumulus plagioclase to be the average compo- 
sition of the most plagioclase-rich samples analyzed by INAA 
that have low REE 1+ concentrations. We take the plagioclase 
Fe and Mg concentrations to be those of relatively high Fe 
and Mg concentrations found with the electron microprobe in 
some regions of plagioclase-rich samples. These Fe and Mg 


concentrations are consistent with values obtained from sam- 
ples retaining igneous textures by extrapolation of Fe and Mg 
concentrations vs. Sc concentrations to zero Sc concentration. 
For Na 2 0 and Eu, we take an average composition of the most 
plagioclase-rich samples (thirty-four lithic fragments). The 
resulting average cumulus plagioclase composition is given 
in Table 2. 

We obtain the intercumulus ( cotectic ) melt composition by 
subtracting 70% of the average cumulus plagioclase compo- 
sition from the FNA igneous-system bulk composition (Table 
2, Col. 7 ) and dividing by 0.30. The Sc concentration of this 
melt is 28.1 ppm. The melt composition is sensitive only to 
the assumption that the system consists of cumulus plagio- 
clase and cotectic melt, and is independent of whether the 
calculated system bulk composition is truly representative. 
The bulk composition merely indicates the relative propor- 
tions of cumulus plagioclase and melt of cotectic composition 
in the particular sampling of the rock body that the fragments 
constitute, whether the proportions are exactly that of the par- 
ent body or not. 

We have defined the intercumulus melt as cotectic; we note 
that its composition, as calculated from mass balance, is what 
we would expect for a lunar ferroan melt. The calculated com- 
position has high CaO/Na 2 0 and low Mg ' ( 0.57 ) . Also, REE 
concentrations of the intercumulus melt are roughly those ex- 
pected for equilibrium with plagioclase of the average cu- 
mulus composition (based on the distribution coefficients 
given in Table 3) (Fig. 8). We thus regard the system to be 
mainly an orthocumulate; i.e., the mafic component of the 
fragments has an average composition close to that expected 
for trapped cotectic melt and has incompatible-element con- 
centrations that are too high to be mainly cumulus or adcu- 
mulus in origin. Heteradcumulus 1 pyroxene or rafted cumulus 
mafic grains plus adcumulus plagioclase, if present, are minor 
components. 

Petrologic Constraints on the Precursor Igneous System 

The following petrographic observations, drawn from de- 
scriptions in the Appendix, support or are permissive with 
respect to the proposed intercumulus crystallization of the ig- 
neous system, but add complexity to its history. Rock frag- 
ments that retain relict-igneous textures have large cumulus 
plagioclase grains with intercumulus pyroxene. Composition- 
ally zoned plagioclase, the presence of ilmenite (as in 
67513,7012; Appendix), and the ranges of compositions of 
coexisting pyroxene and plagioclase in different samples sup- 
port an orthocumulus origin. In several samples, pyroxene is 
abundant, perhaps forming parts of localized mafic clots as is 
typical of anorthositic rocks (e.g., Gitlin et al., 1985). Bulk 
compositions of exsolved pyroxenes indicate crystallization 
temperatures in the vicinity of 1075-1 175°C and equilibra- 
tion to <800°C; however, the general lack of coarse exsolu- 
tion textures in most samples may reflect relatively rapid sub- 
solidus cooling. 


* Heteradcumulates in this context are plagioclase cumulates con- 
taining pyroxene that crystallized from intercumulus melt, but that 
maintained a constant composition by adcumulus diffusion. 
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Table 2. Selected bulk compositions used to estimate ferroan noritic-anorthosite igneous-system composition. 


notes 

67513 

All FNA 

(n=219) subset 

LU 

67511/3 

fines 

(3) 

67511 

fines 

(4) 

67455 

bulk 

(5) 

MAC 

88105 

bulk 

(6) 

FNA 

System 

bulk 

(7) 

67513 
Avg 
Flag 
__ (8) 

"30/70" 

Cotectic 

Melt 

(9) 

Regressed values 
at 30 ppm Sc 
TS-INAA INAA 
(10) (11) 

SiC h 




(45.0) 

(44.5) 

45.33 

45.0 

44.49 

46.19 



TiCh 




0.4 

0.25 

0.24 

0.18 


0.60 

0.6 


AI2O3 

(30.0) 

(29.8) 

(29.6) 

28.6 

28.1 

29.0 

29.8 

35.02 

17.54 

17.2 


Cr 2 0 3 

0.076 

0.072 

0.077 

0.073 

0.09 

0.09 

0.07 


0.23 

0.230 

0.240 

FeO 

4.18 

4.13 

4.53 

4.10 

5.5 

4.32 

4.13 

0.4 

12.83 

12.88 

13.74 

MnO 




0.06 

0.08 

0.06 

0.06 


0.20 



MgO 




4.0 

4.05 

3.89 

3.00 

0.2 

9.53 

7.91 


CaO 

16.8 

17.4 

16.7 

15.7 

17.1 

16.7 

17.4 

19.5 

12.50 

13.72 

12.81 

Na 2 0 

0.41 

0.345 

0.42 

0.39 

0.29 

0.33 

0.34 

0.37 

0.27 



KzO 




0.03 

0.03 

0.03 

0.030 

0.020 

0.053 



p 2 o 5 




0.02 

0.03 

0.08 

0.015 


0.050 



Trace elements (ppm) 











Sc 

8.31 

8.63 

8.78 

8.18 

11 

8.47 

8.63 

0.3 

28.1 

30 

30 

Cr 

518 

495 

527 

500 

643 

638 

500 

10 

1643 

1576 

1641 

Co 

9.3 

5.8 

9.2 

7.2 

9.3 

14.5 

6 

0.1 

20 

18 

21 

Ni 

70 

9 

41 

55 

16 

150 

9 

2 




Sr 

162 

149 

170 

155 

123 

156 

150 

167 

no 

108 

109 

Zr 

49 

17 

45 


[17] 

34 

17 

3 

50 



Cs 

0.06 

0.05 

0.06 



0.04 

0.05 

0.044 

0.06 

0.08 


Ba 

44 

17.4 

46 

45 

9.5 

31 

17 

8 

38.0 

29.3 

36.3 

La 

3.25 

0.89 

3.00 

3.42 

0.93 

2.48 

0.89 

0.1305 

2.66 

2.54 

2.51 

Sm 

1.56 

0.49 

1.45 

1.71 

0.56 

1.20 

0.49 

0.0431 

1.53 

1.54 

1.51 

Eu 

0.92 

0.75 

0.99 

0.97 

0.72 

0.79 

0.75 

0.78 

0.68 



Tb 

0.33 

0.11 

0.31 

0.39 

0.14 

0.25 

0.114 

0.006 

0.37 

0.38 

0.37 

Yb 

1.24 

0.50 

1.2 

1.34 

0.6 

0.99 

0.496 

0.016 

1.62 

1.64 

1.64 

Lu 

0.17 

0.071 

0.17 

0.19 

0.095 

0.14 

0.071 

0.002 

0.23 

0.24 

0.24 

Hf 

1.17 

0.36 

1.09 

1.24 

0.39 

0.9 

0.36 

0.008 

1.18 

0.92 

1.06 

Ta 

0.14 

0.04 

0.14 

0.19 

0.07 

0.11 

0.043 


0.14 

0.10 

0.12 

Th 

0.50 

0.10 

0.46 

0.51 

0.12 

0.42 

0.1 


0.33 

0.30 

0.29 

Mg' [molar MgO/(MgO/FeO)J 


0.63 

0.57 

0.62 

0.56 

0.47 

0.57 



Ca0/Al 2 0 3 

0.56 

0.58 

0.56 

0.55 

0.61 

0.58 

0.58 

0.56 

0.71 




(1) Mass-weighted mean of all 219 67513 2-4 mm lithic fragments analyzed by INAA. Al 2 0 3 estimated from Sc-Al 
correlation. (2) Mass- weigh ted mean of ferroan noritic-anorthosite (FNA) subset of sample 67513 lithic fragments, 
defined as those that have Sm < 2 ppm minus those that have Sc/Sm < 5 and Sm > 1 ppm (148 particles or 70 wt.% of 
total analyzed). (3) Mass-weighted mean of 143 mg of 67511 <1 mm fines and 408 mg of 67513 "abrasion" fines. 
(4) Composition of bulk 6751 1, Korotev (1982), SiO? estimated. (5) Bulk composition of feldspathic fragmental breccia 
67455, Lindstrom and Salpas (1981). SiCb and other bracketed values from WAnke et al. (1975) (6) Antarctic 
meteorite from lunar highlands, MAC88105, shown for comparison. Bulk chemical composition from Jolliff et al. 
(1991a). (7) Composition of FNA igneous system derived from values of column 2 and major elements not analyzed by 
INAA derived from samples for which major elements were analyzed by electron-microprobe analysis of fused beads 
(8) Average cumulus plagioclase trace-element composition derived from 67513,7071; 7075; 7052; 7159. See text for 
major-element derivation. Composition corresponds to An value of 96.6. (9) Cotectic (intercumulus) melt coexisting 
with cumulus plagioclase; calculated by subtracting 70% cumulus plagioclase from bulk "FNA system" composition. 
Columns 10 and 1 1 are meant for comparison to the values given in column 9. (10) Concentrations calculated by linear 
regression against Sc concentration at 30 ppm for lithic fragments from sample 67513 whose ferroan-suite character, as 
defined by Mg' of pyroxene and olivine, and An content of plagioclase, has been confirmed in thin section (TS) by 
electron-microprobe analysis. ( 1 1 ) Concentration values calculated by linear regression against Sc concentration at 30 
ppm Sc for all 148 lithic fragments in 67513 analyzed by INAA that w*e have included in the 11 E-poor, FNA suite. 


Plagioclases clouded with mafic inclusions may be incipi- 
ently exsolved, owing to very slow cooling, but not com- 
pletely cleared by any late recrystallization, as appears to have 
happened for many of the sampled lunar ferroan anorthosites 
(Smith and Steele, 1974; Dixon and Papike, 1975). The in- 
clusion-rich nature of plagioclase in these samples suggests 
that, at high temperatures, the dissolved Fe and Mg concen- 
trations in the plagioclases were significantly higher than at 
present. Irregular, patchy zoning, irregular crystal shapes, and 
inclusion-rich regions in plagioclase indicate partial resorp- 
tion and reequilibration, at least of mafic components, within 
plagioclase. Spinel ‘"necklaces” within large pyroxene grains 
and outlining parts of relict pyroxene crystal surfaces reflect 
variable resorption and growth of host pyroxenes as might 


result from crystallization in more than one episode under 
different conditions. 

Together, these characteristics reflect a complex cooling 
history, consistent with a large magmatic system in which 
plagioclase initially accumulated within a perched layer (e.g., 
Morse, 1982). Two episodes of pyroxene crystallization 
might result from early pyroxenes having begun crystalliza- 
tion in a relatively deep system, but which subsequently be- 
came unstable and were partially resorbed. Later, pyroxenes 
continued growth as an intercumulus phase when porosity or 
communication with the magma reservoir were restricted, 
leading to orthocumulus textures. Subcalcic augite and pi- 
geonite of calcic bulk composition, containing abundant, crys- 
tallographically oriented oxide inclusions, suggest deep ori- 
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Fig. 4. Low pressure pseudoternary liquidus projection onto the 
plane olivine-silica-anorthite in molar proportions, after Walker et al. 
(1973). (a) Major element compositions of rock fragments from 
67513 and other selected ferroan compositions from Station 13, 
mostly subsamples from 67455 (Ryder and Norman, 1979; Lind- 
strom and Salpas, 1981). Selected plagioclasc and pyroxene com- 
positions determined with the electron microprobe are plotted 
(lighter-stippled squares) to show r where actual mineral compositions 
plot on this diagram. The high silica concentration of albite relative 
to anorthite displaces plagioclase compositions slightly toward the 
silica apex. MAC88105 lunar-highland meteorite composition show n 
for comparison (from Jolliff et al., 1991a). (b) Bulk composition of 
ferroan noritic-anorthosite (FNA) composition igneous system de- 
rived from sample 67513 lithic fragment compositions. Intercumu- 
lus-melt composition derived from mass balance given our interpre- 
tation of the system as a mixture of 70% cumulus plagioclase and 
30% intercumulus melt (cf. Morse, 1982, his Fig. 5). Solid phase 
boundaries are for Fe/(Fe + Mg) = 0.3. Dashed phase boundaries 
illustrate shift caused by increased Fc/(Fe + Mg) after the method of 
Longhi (1991). 


gins (i.e., that oxide components were once dissolved in the 
pyroxene). However, the lack of coarse pyroxene exsolution 
textures may be consistent with a two-stage history involving 
late-stage cooling in a shallower plutonic environment. 


The modes of igneous assemblages in both monomict and 
polymict fragments correspond to the following rock types: 
anorthosite, noritic anorthosite, anorthositic norite, norite, and 
gabbronorite (classification of Stoffler et al., 1980). These are 
the rock types we would expect to find among fragments from 
the anorthositic layers of mafic layered intrusions such as the 
Middle Banded Zone of the Stillwater Complex (McCallum 
et al., 1980; Salpas et al., 1983; Gitlin et al., 1985; Haskin 
and Salpas, 1992) or from layers of anorthosite and leuco- 
gabbro in a rock body such as the Archean Fiskenaesset Com- 
plex in Greenland (Weaver et al., 1981 ) or the Bad Vermilion 
Lake Complex, Ontario (Morrison et al., 1987). 

In addition to bulk geochemical characteristics, mineral 
compositions and the inferred order of crystallization also 
suggest a magmatic relationship among the different mineral 
assemblages. All of the assemblages are ferroan, and the An 
contents of the plagioclases generally correlate with Mg' val- 
ues of accompanying mafic silicates to form a trend consistent 
with progressive crystallization from a single starting com- 
position (Jolliff, 1992a). Augite, although not abundant, is 
present in many samples, and pigeonite is relatively calcic. 
These features require some process such as crystallization of 
a magma sufficiently calcic that early assemblages of plagi- 
oclase and olivine ± orthopyroxene allow the CaSiO^ com- 
ponent of residual liquids to increase, eventually bringing cal- 
cic pigeonite, or augite plus pigeonite, onto the liquidus. Spi- 
nel is a common accessory mineral and is typically Cr-rich. 
Ilmenite is rare, but where present, is of similar composition 
(i.e., uniformly low Mg'). 

Other workers have suggested that certain sets of rocks col- 
lected at the rim of North Ray Crater derived from a single, 
igneous precursor. Lindstrom and Salpas ( 1981 ) speculated 
that clasts from feldspathic fragmental breccia 67455 derived 
from impact into rocks of a single igneous suite of ferroan 
anorthosite and gabbroic anorthosite or some other unspeci- 
fied mafic rock, and that the associated melt rocks represent 
the bulk composition of that suite. Petrologists who have ex- 
amined anorthositic breccia 67075 have concluded that it 
formed by fragmentation and mixing of related plutonic ig- 
neous rocks such as those of the leucocratic parts of a layered 
igneous complex, i.e., was genomict ( e.g., Peckett and Brown, 
1973; McCallum et al., 1975 ) . 

Solidification of the Ferroan Noritic-Anorthosite Igneous 
System 

Our model for the formation of these rocks begins with 
cumulus plagioclase, which could have formed as envisioned 
by Morse ( 1982). In that model, plagioclase nucleates within 
a magma and accumulates upward as a buoyant layer (Fig. 
9). Mafic minerals crystallizing with plagioclase in the zone 
of nucleation sink and become separated from plagioclase. 
The accumulating layer of plagioclase is porous and the pores 
are filled with intercumulus melt. We accept the initial pres- 
ence of cumulus plagioclase and intercumulus melt; we do 
not consider in detail their origin. We do not presume that the 
intercumulus melt and cumulus plagioclase were initially at 
equilibrium with each other, merely that they were in contact 
when the system effectively became closed to further 
exchange of melt. 
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Sc (ppm) 

Fig. 5. Concentrations of Sc vs. (a) CaO, (b) Cr, (c) FeO, and (d) Na 2 0 in ITE-poor group of lithic fragments from 
sample 67513. Data are from INAA; the total number of data points is 148. Regression lines are determined in order 
to estimate “endmember” mixing components for those elements whose concentrations are well correlated with those 
of Sc (see text). Regression lines are based only on data points represented by square symbols; these are the samples 
that fall most closely along the Sc-Sm correlation line. Total number of regressed data points is 112. The range of 
concentrations of Na 2 0 at low Sc concentrations indicates the presence of more than one plagioclase component among 
these samples. The analytical uncertainty is shown by the “cross” symbol for the average concentrations, at about 10 
ppm Sc. 


We consider initially two simple, but extreme, crystalliza- 
tion models for intercumulus melt to determine the compo- 
sitions of successive solids and evolved residual liquids. Both 
assume the cumulus plagioclase is refractory and unreactive. 
The first model is simple equilibrium crystallization of inter- 
cumulus melt within the plagioclase framework. On solidifi- 
cation, the intercumulus melt produces a solid of its own com- 
position. The second model is based on fractional crystalli- 
zation, which we approximate as a series of equilibrium 
crystallization steps, each beginning with the residual liquid 
from the previous step. As crystallization takes place, the two 
components being produced from intercumulus melt, postcu- 
mulus solid and more evolved residual liquid, may become 
partially separated from each other by migration of melt or 
by armoring of early-forming solids. As the separation can 
take place at any stage during crystallization, a range of solid 
and residual liquid compositions is produced. In this model, 
successive liquids are in equilibrium only with the solid from 
the previous increment of crystallization, not with all solid 
previously produced from the starting liquid. Presumably, in 


the natural system, there was continuous, but imperfect, 
small-scale equilibration between successively crystallizing 
assemblages, which yielded crystallization products interme- 
diate to those we model by simple equilibrium and stepwise 
(fractional) crystallization. 

We have used the crystallization programs MAGFOX and 
MAGPOX developed by Longhi (1977, 1978, 1980, 1987, 
1991) to track quantitatively the composition of derivative 
residual liquids and solids in systems consisting of plagio- 
clase, olivine, pyroxenes, and residual melts at relatively low 
pressures (<2 kbar). We have combined the calculations of 
compositions of residual melts and solids with calculations of 
corresponding trace-element compositional evolution and 
system mass balance in order to model the crystallization of 
intercumulus melt. 

Equilibrium Crystallization 

We model the concentrations of representative trace ele- 
ments (Sc, Ba, La, Sm, Eu, Tb, and Yb) of residual liquids 
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Fig. 6. Concentrations of incompatible trace elements vs. Sc concentrations in the ITE-poor group of lithic fragments 
from sample 67513. Data are from INAA; the total number of data points is 148. Regression lines are based only on 
data points represented by square symbols; these are the samples that fall most closely along the Sc-Sm correlation 
line. Total number of regressed data points is 112. The analytical uncertainty is shown by the cross symbol for the 
average concentrations, at about 10 ppm Sc. 


and solids based on equilibrium with the solid assemblages 
calculated by the program MAGPOX at specified intervals 
during crystallization. We use the following equation, in the 
notation of Beattie et al. ( 1993), for batch equilibrium crys- 
tallization (e.g., Eqn. 4.7, Haskin, 1984, for derivation): 
C) = C) °/(D,(\ - F) + F) where C) J) is the initial con- 
centration of element i in the original melt, C\ is its concen- 
tration in the residual liquid, F is the fraction of melt remain- 
ing, and Di is the bulk distribution coefficient for element i 

n 

calculated as D t = 2 <t> J D J , for all minerals y, where 4>> is 

j=\ 

the weight fraction of mineral j in the equilibrium solid. Val- 
ues of distribution coefficients (D* f ) used in our modeling are 
given in Table 3. Distribution coefficients for the REEs in the 
pyroxenes are correlated with their Wo contents (McKay et 
al., 1986); we calculate them from the equation log (D) = A 
X Wo — B , using constant values for A and B from McKay 
et al. (1986). 

The evolution of the mineral assemblage of postcumulus 
solids produced by equilibrium crystallization of intercumulus 
melt is shown in Fig. 10a. Initial intercumulus crystallization 
of plagioclase and olivine is followed by crystallization of 


low-Ca pyroxene and partial resorption of olivine. Pigeonite 
is the stable pyroxene, crystallizing after some 30 wt% solid- 
ification of intercumulus melt; augite crystallizes only after 
about 70% solidification (Fig. 10a). Compositions of equilib- 
rium liquids and solids at intervals of 25, 50, 75, 90, and 95% 
crystallization are given in Table 4. The Sc concentrations of 
postcumulus solids (i.e., not including cumulus plagioclase) 
increase to about 28 ppm at very low Sm concentrations ( Fig. 
11a); Sc becomes compatible in the solid assemblage only 
when pyroxene begins to crystallize. Concentrations of Sc and 
Sm in instantaneous solid compositions follow a trend that 
initially and during most of the postcumulus crystallization 
interval lies below the main trend of rock fragments in 67513 
(Fig. lib). Concentrations of REEs in residual liquids in- 
crease from initial values of ~8 times chondrites for La and 
7 times for Yb to >100 times for La and ~75 times for Yb 
at 95% crystallization (Fig. 12a). The products of intercu- 
mulus-melt crystallization are relatively mafic assemblages 
ranging from troctolitic (25% crystallization) to gabbroic 
(90% crystallization). 

To a first approximation, simple equilibrium crystallization 
yields a postcumulus solid assemblage at full crystallization 
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Sc (ppm) 

Fig. 7. Concentrations of oxides vs. Sc in ITE-poor samples from 67513 that were analyzed for major elements by 
electron-microprobe analysis of fused beads (Table 1). Symbols: squares, igneous fragments; triangles and diamonds, 
fragmental breccias; cross, impact-melt breccia. Lines fit by linear regression, excluding 67513,7012 (outlier at 42.4 
ppm Sc). The purpose of the regression lines is to estimate the concentrations of each element at about 30 ppm Sc to 
test how well the regressed value matches our independently estimated intercumulus-melt composition. Regressed values 
for these oxides and for trace elements are given in Table 2. The good correlations for most elements are taken as 
evidence that these samples derived from mixtures of plagioclase (Sc-poor end) and intercumulus melt (Sc-rich end). 


that, when mixed with cumulus plagioclase, accounts for 
much of the distribution of intermediate bulk compositions of 
the lithic fragments. The paucity of olivine overall and the 
absence of olivine-rich samples suggest that equilibrium crys- 
tallization prevailed during the early phase of intercumulus- 
melt crystallization. The major shortcoming of the simple 
equilibrium crystallization model is that the compositions of 
coexisting pyroxene and plagioclase of modeled postcumulus 
solids do not match those of the samples; Mg' values of py- 
roxene do not extend low enough (e.g., the calculated equi- 
librium value for orthopyroxene of ~0.59 vs. observed range 
of ~0.48-0.65), and plagioclase An contents are lower than 
observed (calculated equilibrium value of ~94.5 vs. observed 
range of ~94.5-96.8; see Fig. 13). Nevertheless, the major 
mineral sequence predicted by this model is similar to the one 
observed. Pyroxene and plagioclase dominate the crystalli- 
zation products, as expected for equilibrium crystallization of 
cotectic melt whose bulk composition lies close to the pyrox- 
ene-plagioclase join. 

Fractional Crystallization 

To obtain a greater range of postcumulus solid and liquid 
compositions, we model the crystallization of intercumulus 
melt in four crystallization intervals and three melt-separation 
steps, at 25, 50, and 75% solidification, taking the residual 
liquid from each step as the starting liquid composition for 
the subsequent step. Then we examine the compositions ob- 
tained by equilibrium crystallization of the liquid following 
the third (75%) step at 90 and 95% total solidification (with 


no further separation of solids). Changes in the mode of 
postcumulus solids are shown in Fig. 10b (see Table 5). 
Plagioclase and olivine crystallize initially, followed by spi- 
nel, then pigeonite joins the assemblage, and augite crystal- 
lizes at ~75% solidification. Ilmenite appears late, after 
~90% crystallization of intercumulus melt ( i.e., <3% of the 
total system remaining as melt), consistent with the obser- 
vation that it is present only in the most compositionaily 
evolved assemblages (lowest Mg' and An values). 

The evolution of trace-element concentrations in residual 
liquids is similar to that for single-step equilibrium crystalli- 
zation but covers a wider range of compositions (Fig. 11a). 
One consequence of the isolation of early-formed postcumu- 
lus plagioclase and olivine is that later-formed postcumulus 
solids reach higher Sc concentrations than those produced by 
simple equilibrium crystallization (about 45 ppm for pyrox- 
ene-bearing assemblages; Fig. lib). This is especially true 
for assemblages formed at >50% crystallization. In the event 
of migration of part of the liquid, or incomplete sampling of 
the local mineral assemblage, a particular analyzed rock frag- 
ment may consist of cumulus plagioclase, postcumulus min- 
eral assemblages crystallized from intercumulus melt (locally 
troctolitic to gabbroic), small amounts of frozen, evolved 
trapped liquid, or combinations of these. 

On the size scale of our samples, we might expect to see 
substantial deviation of compositions of individual fragments 
away from the simple mixing line between cumulus plagio- 
clase and intercumulus melt. The compositions of most, how- 
ever, lie close to the well -correlated group (e.g.. Fig. lib), 
indicating that there was either little physical separation of 








Cogcnetic lunar rock fragments of ferroan noritic-anorthosite compostition 


2357 


c/> 

o 

‘C 

u 

c 

o 

-C 

o 

o 

■D 

d) 

N 

"cO 

e 

o 

c 

c/> 

c 

o 


c 

0 

o 

c 

o 

o 

UJ 

LU 

cr 



Rare Earth Elements 


Fig. 8. Chondrite-normali/ed REE concentrations of model com- 
ponents of the ferroan noritic-anorthosite system. The calculated 
composition of melt in equilibrium with average cumulus plagioclase 
and the intercumulus-melt composition calculated assuming 30% in- 
tercumulus melt and 70% cumulus plagioclase are shown (see also 
Table 2). Values of REE distribution coefficients used for plagioclase 
are also plotted (from McKay, 1982; Phinney and Morrison; “P & 
M,” 1990). 


solids from residual liquids on the size scale of the fragments 
or that most of them regained a nearly average fraction of 
trace elements during breccia formation, despite their small 
size. It is presumably the fragments whose compositions lie 
off the line that gained or lost residual liquids by migration 
after postcumulus solidification had begun. 

As was the case with the equilibrium model, mineral com- 
positions predicted by the stepwise crystallization model do 
not acceptably match those of the samples that we interpret 
to be part of the orthocumulus trend (Fig. 13). In the late 
stages of crystallization, the model predicts postcumulus sol- 


ids and residual liquids that have very low values of Mg' 
(Table 5), as required to match some of the samples, but 
modeled early-formed assemblages contain mafic silicates 
that are more magnesian than any observed in the samples 
(calculated orthopyroxene Mg' as high as 0.80 vs. observed 
~0.65 maximum). We suspect that early-formed olivine and 
pyroxene equilibrated easily with evolving residual liquids, 
closely approaching the case of equilibrium crystallization. 
For the mafic minerals, we conclude that the two crystalliza- 
tion models, equilibrium crystallization and stepwise frac- 
tional crystallization, approximately bracket the conditions 
that prevailed in different regions of the system. Plagioclase, 
however, remains a problem. Modeled compositions of pla- 
gioclase crystallizing from intercumulus melt are more sodic 
than those we observe; orthocumulus plagioclase is about one 
An unit too low (Na.O ~ 20% too high). We consider two 
possible reasons for this discrepancy; ( 1 ) the Na 2 0 concen- 
tration of our cumulus plagioclase model component is too 
low, or (2) partial equilibration occurred between intercu- 
mulus melt or intercumulus plagioclase and cumulus plagio- 
clase. 

If the NaX) concentration chosen for the cumulus plagio- 
clase component is too low, our model yields (by mass bal- 
ance) a Na : 0 concentration of the intercumulus melt that is 
too high. For the crystallization models described above, the 
intercumulus melt Na.O concentration was based on a cu- 
mulus plagioclase Na 2 0 concentration of 0.37 wt%, but this 
produced equilibrium intercumulus plagioclase about one An 
unit lower than observed in the “orthocumulus trend." If we 
take the average Na 2 0 concentration of cumulus plagioclase 
to be higher (see examples in Fig. 13 at 0.39 and 0.41 wt%), 
then the final (endstage) intercumulus plagioclase has Na 2 0 
in the observed range, but the initial, equilibrium intercumulus 
plagioclase is more calcic than the average cumulus plagio- 
clase. Another way to explain low Na 2 0 concentrations in 
intercumulus material is by partial equilibration of crystalliz- 
ing intercumulus melt or intercumulus plagioclase with part 
of the adjacent cumulus plagioclase. 

Cumulus Plagioclase Recrystallization and Reequilibration 

The crystallization of intercumulus melt occurs in the pres- 
ence of cumulus plagioclase, which in effect provides the 


Table 3. Distribution coefficients used in crystallization modeling. 



Olivine 

Plagioclase 

Orthopyroxene 

Pigeonite 

Augite 

Ilmenite 

Sc 

0.265 (1) 

0.012 (cf 2,1 1) 

1.4 (1) 

2.5 (3) 

3.9 (2) 

2.2 (4) 

Ba 

0.001 (5) 

0.15 (5-7) 

0.011 (1) 

0.016 (3) 

0.02 (8) 

0.005 (16) 

La 

0.0001 (9) 

0.047 (10,11) 

0.0004 (15) 

0.001 (13) 

0.05 (13) 

0.005 (5) 

Sm 

0.001 (9) 

0.023 (10,11) 

0.007 (15) 

0.013 (13) 

0.23 (13) 

0.01 (5) 

Eu 

0.0009 (9) 

0.8 (12) 

0.01 (14) 

0.01 (14) 

0.22 (13) 

0.007 (5) 

Tb 

0.0024 (9) 

0.0144 (10,11) 

0.011 (15) 

0.019 (13) 

0.26 (13) 

0.02 (5) 

Yb 

0.02 (9) 

0.0083 (10,11) 

0.063 (15) 

0.085 (13) 

0.31 (13) 

0.075 (5) 


(1) McKay and WEILL (1977); (2) Lindstrom (1976); (3) Estimated from augite and orthopyro.xene; 
(4) Irving et al. (1978); (5) McKay and Weill (1976); (6) Blundy and Wood (1991); (7) Drake 
and WEILL (1975); (8) GILL (1979); (9) McKay (1986); (10) McKay (1982); (11) PHINNEY and 
Morrison (1990); (12) Weill and McKay (1975); (13) Calculated as discussed in text, based on 
McKay et at. (1986). Values shown are examples calculated for Wo=0.06 (pigeonite) and Wo=0.40 
(augite). (14) McKay et al. (1990); (15) REE in orthopyroxene calculated as for pigeonite, at low 
wollastonite content (example at Wo=0.2). (16) Assumed, cf. LONGHI (1980); SNYDER et al. (1992). 
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Fig. 9. Schematic illustration of formation of cumulus plagioclase 
and intercumuius melt system as we envision for the precursor of 
lithic fragments in sample 67513. Models are based on those of 
Morse (1982). Plagioclase accumulates as a suspension-cumulate 
layer within a large magma reservoir, separated from cogenetic mafic 
cumulates by density contrasts. In this particular case, we postulate 
that when the residual porosity reached 30%, chemical exchange with 
the contemporary magma reservoir was inhibited. 


walls of the crystallization chamber for each local parcel of 
intercumuius melt. That the An content of postcumulus pla- 
gioclase of lunar ferroan anorthosites was "buffered” by the 
An content of cumulus plagioclase was proposed by Raedeke 
and McCailum (1980) to explain the highly and uniformly 
calcic plagioclase compositions despite variable Mg' of co- 
existing mafic silicates (see also Longhi and Boudreau, 1979; 
James, 1988). Morse (1984), however, has argued against 
simple reequilibration of Na 2 0 by solid-state diffusion in cu- 
mulus plagioclase because of the extremely sluggish tetrahe- 
dral A1 *=> Si exchange in plagioclase that would accompany 
Na *=> Ca exchange. Nevertheless, many characteristics of lu- 
nar plagioclase seem to require some postcumulus change in 
anorthositic rocks and their plagioclase. Evidence for this in- 
cludes the very low Fe and Mg concentrations in plagioclase, 
similar to terrestrial plagioclase that has undergone granulite 
metamorphism (Phinney, 1991, 1994); plagioclase that has 
exsolved mafic components (Nord, 1976; Smith and Steele, 


1974), and recrystallization textures (Stewart, 1975; James, 
1980). Despite the fact that solid-state exchange is so slow, 
we think that some exchange of Na, Ca, and other elements 
between original, cumulus plagioclase and crystallizing inter- 
cumulus melt, or its products must have occurred. 

Although we do not know the mechanism of exchange or 
reequilibration, we observe plagioclase grains that have ex- 
solved mafic components and whose compositions are con- 
sistent with a process of at least partial reequilibration. 
Plagioclases in ferroan anorthosites in general and in many of 
the lithic fragments of sample 67513 have very low MgO 
concentrations and Mg' values ranging from 0.5 to near zero 


(a) Equilibrium crystallization of intercumuius melt 



(b) "Stepwise" crystallization of intercumuius melt 



Fig. 10. Weight proportions of minerals crystallized as a function 
of the weight-fraction solid during crystallization of the ferroan nor- 
itic-anorthosite system, (a) Model results of equilibrium crystalliza- 
tion of intercumuius melt assuming the system consists of 70% cu- 
mulus plagioclase and 30% intercumuius melt, (b) Model results of 
stepwise crystallization (four steps) of the *‘30%” intercumuius melt. 
Discontinuities are caused by abrupt separation of melt and solid at 
25, 50, and 75% crystallization steps. 





Cogenetic lunar rock fragments of ferroan noritic-anorthosite compostition 


2359 


(Papike et al., 1991 ). Given D values (plag/melt) of 0.033 
and 0.040 for Fe 2+ and Mg, respectively (Longhi et al., 1976; 
Phinney and Morrison, 1990; Phinney, 1992), plagioclase in 
equilibrium with cotectic melt should have FeO and MgO 
concentrations on the order of several tenths of a weight per- 
cent each, easily measurable by electron-microprobe analysis. 
That most of the plagioclases have low to very low MgO 
concentrations (e.g., <0.1 wt%) suggests that they have par- 
tially reequilibrated with evolved residual liquid of ferroan 
composition or that they have experienced subsolidus recrys- 
tallization or exsolution of mahc silicates at some temperature 
below their original crystallization temperature for which the 
D value for Mg (and possibly Fe 2+ ) is reduced significantly. 
One of these processes may cause the observed “trend” at 
high An content (An 96.5-98.0) in Fig. 13, but we defer 
discussion of this for the present. 

As additional evidence for partial reequilibration of cu- 
mulus plagioclase, we find grains of irregularly zoned, rela- 
tively coarse plagioclase whose zonation spans a factor of two 
or more in Na 2 0 concentrations. In most samples, however, 
plagioclases are cataclastic, or they occur as fragments 
juxtaposed within breccia, so the textural evidence is ambig- 
uous as to whether most of them are relicts of partial recrys- 
tallization and reequilibration. We also find grains of plagio- 
clase that are in contact with pyroxene and that are compo- 


sitionally zoned, with the bulk of the grains having ~An g6 s 
composition, but with “islets” of composition as much as 
one An unit higher, within large plagioclase grains. While 
these may be relicts of igneous zoning, the zoning is not reg- 
ular. These grains have low bulk FeO and MgO concentra- 
tions, less than those of the cumulus plagioclase model com- 
ponent, which, from the standpoint of equilibrium with co- 
tectic melt, represent a more plausible initial igneous 
composition. 

Phinney ( 1991 ) has argued on the basis of compositional 
and textural evidence that most, if not all, plagioclases of lunar 
ferroan anorthosites have recrystallized to some extent, thus 
facilitating equilibration. Recrystallization of some sort has 
facilitated loss of Fe and Mg at some subsolidus temperature 
in plagioclases of both lunar and terrestrial granulitic rocks 
(Phinney, 1991, 1994). In the samples of this study, we ob- 
serve granular exsolution of mafic minerals from plagioclase 
frozen in the process of recrystallization. We also observe 
plagioclase without inclusions but with extremely low FeO 
and MgO concentrations. Some samples have granoblastic 
domains within coarse plagioclase grains, a clear indication 
of recrystallization. This may have been triggered by strain 
introduced from movement of the anorthositic system as a 
diapir, perhaps while the intercumulus material was partially 
molten, to a higher crustal level, or by shock from meteorite 


Table 4. Equilibrium crystallization model compositions. 



”30/70- 

25% Crvst’d 

50% Crvst'd 

75% Crvst'd 

90% Crvst'd 

95% Crvst'd 


Cot Mlt 

Melt 

Solid 

Melt 

Solid 

Melt 

Solid 

Melt 

Solid 

Melt 

Solid 

percent: 

100 

75 

25 

50 

50 

25 

75 

10 

90 

5 

95 






Oxides (wt.%) 






SiOj 

46.19 

47.59 

42.50 

47.13 

45.20 

46.37 

46.13 

45.16 

46.30 

43.35 

46.33 

TiO? 

0.60 

0.82 

0.03 

1.12 

0.05 

2.12 

0.09 

4.31 

0.20 

6.51 

0.32 

AI 2 O 3 

17.54 

14.36 

25.92 

13.11 

22.20 

11.43 

19.59 

10.77 

18.27 

10.00 

17.90 

Cr 2 03 

0.23 

0.14 

0.48 

0.14 

0.33 

0.14 

0.26 

0.14 

0.24 

0.14 

0.24 

FeO 

12.83 

15 48 

5.84 

17.58 

7.83 

19.31 

10.66 

19.98 

12.06 

20.40 

12.47 

MnO 

0.20 

0.25 

0.08 

0.28 

0.11 

0.32 

0.16 

0.33 

0.19 

0.34 

0.19 

MgO 

9.53 

9.15 

10.54 

7.81 

11.35 

5.82 

10.78 

4.86 

10.04 

4.66 

9.77 

CaO 

12.50 

11.80 

14.35 

12.34 

12,66 

13.84 

12.05 

13.35 

12.41 

12.83 

12.48 

Na 2 0 

0.270 

0.275 

0.257 

0.286 

0.253 

0.290 

0.263 

0.295 

0.267 

0.278 

0.269 

K 2 0 

0.053 

0.070 

0.008 

0.093 

0.011 

0.162 

0.016 

0.290 

0.027 

0.390 

0.037 

P 2 O 5 

0.050 

0.07 

0.00 

0.10 

0.00 

0.20 

0.00 

0.51 

0.00 

1.10 

0.00 





Trace elements (ppm) 





Sc 

28 

37 

2.9 

36 

20 

32 

27 

28 

28 

27 

28 

Cr 

1643 

950 

3290 

957 

2264 

976 

1801 

973 

1660 

947 

1624 

Ba 

38 

50 

5.6 

68 

6.7 

120 

10.6 

220 

18 

294 

26 

La 

2.66 

3.62 

0.131 

5.04 

0.154 

9.82 

0.262 

21.9 

0.591 

37.3 

1.03 

Sm 

1.53 

2.10 

0.038 

2.94 

0.051 

5.77 

0.112 

12.3 

0.377 

19.9 

0.67 

Eu 

0.68 

0.77 

0.448 

0.90 

0.451 

1.16 

0.519 

1.41 

0.602 

1.52 

0.64 

Tb 

0.37 

0.50 

0.007 

0.70 

0.009 

1.39 

0.024 

2.93 

0.090 

4.70 

0.16 

Yb 

1.62 

2.22 

0.029 

3.08 

0.073 

5.78 

0.221 

10.9 

0.619 

15.5 

0.96 

Mg' 

0.57 

0.51 

0.76 

0.44 

0.72 

0.35 

0.64 

0.30 

0.60 

0.29 

0.58 




Weight 

fractions of minerals in solid assemblages 




Olivine 



0.251 


0.167 


0.133 


0.121 


0.116 

Plagioclase 


0.729 


0.626 


0.555 


0.516 


0.508 

Pigeonite 




0.197 


0.300 


0.306 


0.312 

Augite 







0.008 


0.053 


0.060 

Spinel 



0.020 


0.010 


0.005 


0.004 


0.004 





Mineral component fractions 





Plagioclase An 


0.968 


0.963 


0.956 


0.951 


0.948 

Olivine Fo 


0.77 


0.72 


0.63 


0.58 


0.57 

Pigeonite Mg’ 




0.74 


0.65 


0.60 


0.59 

Aueite Mg' 






0.71 


0.66 


0.64 

Cotectic (intercumulus) melt composition from Table 2. Crystallization is at 2kb pressure (—40 km on 

the Moon). Derivative melt and solid proportions are given in weight percent. 
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(a) Model Residual Liquid Compositions 




Fig. 1 1. Scandium vs. Sm concentrations of modeled residual liquids and intercumulus assemblages (stippled fields) 
compared to compositions of FNA-system lithic fragments from sample 67513 (squares), (a) Compositional evolution 
of residual liquids during crystallization of intercumulus melt, (b) Compositional evolution of intercumulus solids (note 
expanded Sm axis). The equilibrium crystallization model does not produce Sc concentrations of intercumulus assem- 
blages that exceed that of the starting intercumulus melt composition, whereas the step-wise crystallization model yields 
more Sc-rich pyroxene-bearing assemblages. Mixing of different proportions of cumulus plagioclase, intercumulus 
solids, and residual liquids would lead to a variety of possible rock compositions that scatter about the main trend. For 
example, the effect of adding 5 % of residual liquid (RL), taken as that at 95% equilibrium crystallization of intercumulus 
melt, is shown by the short vector for a hypothetical sample composition at about 18 ppm Sc. 


impact followed by prolonged residence in a high-temperature 
environment. 

Distribution of Mafic Minerals in Precursor Igneous 
Rocks 

In this section, we consider whether the observed mafic 
assemblages, as recorded by the pyroxene-rich lithic frag- 
ments, might have been part of a single nori tic-anorthosite 
lithology, or whether they might have been noritic or gabbroic 
layers within an anorthositic body. Perhaps mafic mineral as- 


semblages formed “clots” within the plagioclase matrix, as 
observed in some terrestrial anorthosites, typically on a scale 
much larger than the size of our samples (e.g., Stillwater 
anorthosites; Gitlin et al., 1985; Haskin and Lindstrom, 
1988 ) . Whether or not the mafic assemblages were intimately 
mixed with cumulus plagioclase is important with respect to 
reaction between intercumulus components and cumulus pla- 
gioclase, as suggested above. 

The distribution of Sc concentrations in the samples (Fig. 
14), which essentially represents the distribution of the mafic 
assemblages, is consistent with an intimate mixture of cu- 
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Fig. 12. Chondrite-normalized REE concentrations of model in- 
stantaneous solid compositions (ISC) and equilibrium residual liquids 
(ERL) at selected intervals during (a) single-step equilibrium crys- 
tallization; (b) stepwise crystallization. 


mulus plagioclase and intercumulus material. Fragments rich 
in cumulus plagioclase are present, as indicated by the peak 
on the histogram at low Sc concentrations. This requires some 
plagioclase-rich regions in the igneous protolith and that frag- 
ments of it survived the brecciation process intact. The other 
peak of the histogram is broader and contains the majority of 
the samples; it lies at a Sc concentration a little higher than 
the average (peak ~ 11 ppm, average = 8.6 ppm), in the 
range for gabbroic or noritic anorthosite. Textures of several 
larger, genomict anorthositic rocks collected at the Apollo 16 
site (e.g., 60025, 67075 ) have regions of nearly pure plagi- 
oclase and other regions of noritic/gabbroic anorthosite, 
much as we deduce from the compositional distribution of 
lithic fragments shown in Fig. 14. Conspicuous by its absence 
is a peak at —30 ppm Sc, which would correspond to frozen 
cotectic melt. This suggests that the bulk of the pyroxene was 
dispersed among grains and clots of cumulus plagioclase. 
Had there been a volumetrically significant body of rock or 
layers more mafic than noritic anorthosite (i.e., plagioclase 
< 77.5%) as part of the precursor igneous system, there 
should be a substantial number of samples with Sc concen- 
trations > 15 ppm. 


A Common Igneous System 

There are reasons to believe the precursor system of FNA 
composition was a common type of lunar igneous system. On 
the basis of compositions of highland polymict materials, es- 
pecially soils, a relatively mafic, ferroan component that is 
not petrographically obvious and that has a composition not 
easily matched by known, large lunar igneous rocks seems to 
be required by mass-balance calculations (e.g., Korotev et al., 
1980; Haskin et al., 1981 ; Korotev, 1981 ; Stoffleret al., 1981, 
1985; Lindstrom and Salpas, 1983; Korotev and Haskin, 
1988; Jolliff, 1992b). Lindstrom and Salpas (1983) con- 
cluded that fragments of ferroan noritic anorthosite in feld- 
spathic fragmental breccias from North Ray Crater were an 
essential igneous precursor to the breccias and to certain 
Apollo 16 melt rocks. McGee ( 1987) reported on clasts of 
ferroan noritic anorthosite in 67215 that may represent mafic 
assemblages related petrogenetically to the more plagioclase- 
rich ferroan anorthosites (see also Lindstrom and Salpas, 
1983; Warren et al., 1990). Relatively mafic clasts of ferroan 
noritic anorthosite also have been reported in breccia 67016 
(Norman, 1981 ; Norman et al., 1991, 1993; Norman and Tay- 
lor, 1992). Indeed, a careful re-evaluation of ferroan-anor- 
thositic-suite rocks and consideration of the bulk composition 
of the Moon’s upper crust led Warren ( 1 990 ) to conclude that 
the “overall composition” of the ferroan anorthositic suite 
must be nearly a factor of two more mafic (but with a large 
uncertainty ) than indicated by the average mode of large ferroan- 
anorthositic-suite rocks (93-96 vol%, for samples > 10 g, 
weighted according to mass; Warren, 1 990 ) . The FNA system 
bulk composition, corresponding to —85 vol% plagioclase, is 
roughly a factor of two more mafic than the average mode of 
the large, pristine ferroan-anorthositic-suite samples. 

The samples of FNA composition from North Ray Crater and 
the Antarctic lunar-highland meteorites (e.g., MAC88 104/5, 
Jolliff et al., 1991a; Koeberl et al., 1991; Neal et al., 1991; 
Warren and Kallemeyn, 1991) are similar in that both contain 
plagioclase-rich igneous clasts that are relatively mafic com- 
pared to most large ferroan-anorthositic-suite samples. On the 
basis of compositions of melt clasts and bulk samples of the 
highland meteorites, they appear to contain abundant com- 
ponents whose Sc-Sm and Sc-ALO, relationships are similar 
to those of the FNA suite of samples from 67513. Although 
the incompatible-element concentrations of the FNA suite 
from 67513 are higher than those of most other ferroan-an- 
orthositic-suite rocks, they are similar to those of many sub- 
samples of the highland meteorites, especially those that have 
high Sc/Sm (Fig. 15 ). Many of the subsamples of the lunar- 
highland meteorites have compositions that lie slightly to the 
ITE-rich side of the “67513 reference line” on Fig. 15c; we 
note that some of these are indeed more magnesian or ITE- 
rich components such as also exist in other lithic fragments 
of 67513 (cf. Fig. la). Nevertheless, the FNA components of 
these meteorites constitute a substantial proportion such that 
the bulk composition of MAC88 104/5, the most ferroan of 
the highland meteorites, is very similar to the FNA-system 
bulk composition as derived herein (see Table 2), and we 
consider the MAC88105 composition to be fairly represen- 
tative of the early lunar upper crust, uncontaminated by 
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An content of Plagioclase 

Fig. 13. Mg' of low-Ca pyroxene vs. An content of plagioclase in model compositions of instantaneous solids (ISC) 
formed during crystallization of intercumulus melt. Observed compositions of coexisting minerals in fragments from 
sample 675 13 fall within the broad stippled region, mostly within the light stippled areas, suggesting trends as indicated 
by solid lines. Dashed lines extend these trends to extreme compositions found within a few individual samples. Other 
samples from Station 1 1 whose mineral compositions fall within these fields include 67035, 67075, 67215, 67455, 
67525, and 67539. Equilibrium crystallization ISC paths are shown for three different intercumulus melt compositions. 
From mass-balance between 70% cumulus plagioclase and 30% intercumulus melt, we calculated melt compositions 
corresponding to three different model cumulus-plagioclase compositions with Na 2 0 concentrations ranging from 0.37 
to 0.41 wt%. Dashed lines show the average An contents of observed cumulus-plagioclase compositional clusters (e.g.. 
Fig. 5d). If we select the average Na 2 0 concentration of the most plagioclase-rich fragments in sample 67513 (0.37 
w-t%), the ISC mineral compositions are offset only slightly to lower An and higher Mg' from those observed in the 
k ‘orthocumulus trend” and they roughly parallel its slope. By taking higher values of Na 2 0 in model cumulus plagioclase 
(0.39-0.41), modeled postcumulus-plagioclase compositions bracket the upper part of the “orthocumulus trend." In 
this case, however, the intercumulus melt would be in equilibrium with plagioclase more calcic than all but the most 
calcic of the observed cumulus plagioclase. We consider the initial condition corresponding to average cumulus pla- 
gioclase Na 2 0 concentration of 0.37 to be most likely because it is the average observed Na 2 0 concentration and 
because the intercumulus melt (0.27% Na 2 0 by mass balance) is initially in equilibrium with plagioclase of about the 
same Na 2 0 concentration as the average (0.37). In purely equilibrium crystallization, mineral compositions evolve no 
farther than the Mg' and molar Ca/(Ca + Na + K) of the starting intercumulus-melt composition. Stepwise crystalli- 
zation effectively isolates early-formed assemblages from later equilibration, allowing mineral compositions to evolve 
as in fractional crystallization. Percentages adjacent to the stepwise crystallization trend indicate the extent of crystal- 
lization of intercumulus melt. 


KREEP and mare basalt. If rocks of ferroan noritic-anortho- 
site composition such as those found at North Ray Crater are 
more common in the lunar crust than indicated by sampling 
at other Apollo sites, their abundance may lend further sup- 
port to their being a specific product of a global magma ocean. 

Was the Ferroan Noritic-Anorthosite-Composition Igneous 
System Formed in a Magma Ocean? 

Thus far, we have avoided speculations relating to the or- 
igin of the FNA-system parent magma; rather, we have 
focused on that part of the system preserved in the sample 


suite from 67513. In this section, we consider the possibility 
that the FNA system was a product of a magma ocean, and if 
so, what new insights might be gained on how the magma 
ocean solidified. 

Mineral assemblages, mineral compositions, and bulk in- 
compatible-element concentrations are roughly consistent 
with formation of the FNA samples after some 75% crystal- 
lization of a magma ocean of near-chondritic initial compo- 
sition. By our estimate, the intercumulus melt associated with 
cumulus plagioclase at the time of isolation of the system had 
about 7-9 times chondritic REE concentrations with slight 
LREE enrichment and a perhaps slightly positive Eu anomaly 
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Table 5. Stepwise crystallization model compositions. 



"30/70" 

25% Crvst’d 

50% Crvst’d 

75% Crvst'd 

90% Crvst'd 

95% Crvst’d 

Cot MU 

Melt 

Solid 

Melt 

Solid 

Melt 

Solid 

Melt 

Solid 

Melt : 

Solid 

percent: 

100 

75 

25 

50 

50 

25 

75 

10 

90 

5 

95 






Oxides (wt.%) 






S 1 O 2 

46.19 

47.41 

42.60 

46.93 

48.35 

46.00 

47.90 

44.63 

46.89 

43.84 

46.56 

TiCh 

0.60 

0.79 

0.03 

1.16 

0.06 

2.16 

0.12 

4.67 

0.38 

5.76 

1.23 

ai 2 o 3 

17.54 

14.54 

26.38 

12.86 

17.92 

10.78 

15.01 

9.41 

11.75 

9.33 

11.16 

CTjOj 

0.23 

0.15 

0.47 

0.13 

0.19 

0.13 

0.14 

0.10 

0.15 

0.10 

0.14 

FeO 

12.83 

15.33 

5.45 

18.31 

9.36 

22.27 

14.21 

25.60 

19.90 

25.57 

21.42 

M 11 O 

0.20 

0.24 

0.07 

0.29 

0.14 

0.36 

0.22 

0.43 

0.32 

0.43 

0.34 

MgO 

9.53 

9.33 

10.13 

7.46 

13.08 

4.58 

10.45 

2.12 

6.32 

1.72 

5.32 

CaO 

12.50 

11.79 

14.61 

12.34 

10.67 

12.98 

11.68 

11.57 

13.98 

11.09 

13.48 

Na 2 0 

0.27 

0.27 

0,26 

0.30 

0.22 

0.35 

0.25 

0.43 

0.29 

0.47 

0.32 

k 2 o 

0.053 

0.07 

0.01 

0.10 

0.01 

0.18 

0.02 

0.39 

0.02 

0.71 

0.04 

p 2 o 5 

0.050 

0.07 

0.00 

0.10 

0.00 

0.20 

0.00 

0.55 

0.00 

0.98 

0.00 





Trace elements (ppm) 





Sc 

28 

37 

2.7 

35 

39 

29 

42 

18 

36 

16 

32 

Cr 

1643 

1046 

3210 

909 

1321 

888 

931 

701 

1020 

684 

940 

Da 

38 

50 

5.5 

72 

6 

133 

9 

295 

17 

530 

31 

La 

2.66 

3.52 

0.129 

5.21 

0.132 

10.0 

0.245 

23.2 

.71 

43.8 

1.38 

Sm 

1 53 

2.04 

0.039 

3.03 

0.050 

5.74 

0.237 

12.2 

1.17 

20.4 

1.98 

Hu 

0.68 

0.76 

0.45 

0.94 

0.387 

1.37 

0.50 

2.25 

0.76 

3.04 

0.95 

Tb 

0.37 

0.49 

0.006 

0.73 

0.009 

1.37 

0.061 

2.88 

0.31 

4.72 

0.51 

Yb 

1.62 

2.15 

0.028 

3.17 

0.117 

5 80 

0.459 

11.6 

1.72 

177 

2 76 

Mg' 

0.57 

0.52 

0.77 

0.42 

0.71 

0.27 

0.57 

0.13 

0.36 

0.11 

0.31 




Weight 

fractions of minerals in solid assemblages 




Olivine 



0.239 


0.056 


0.068 


0.08 


0.045 

Plagioclase 


0.743 


0 51 


0.418 


0.327 


0.308 

Pigeonite 





0.43 


0.397 


0.247 


0.365 

Augite 







0.116 


0.347 (*) 

0.267 

Spinel 



0.018 


0.003 







Ilmen ite 











0.015 





Mineral component fractions 





Plag An 



0.968 


0.960 


0.944 


0.917 


0.902 

Olivine Fo 


0.778 


0.701 


0.542 


0.323 


0.279 

Pigeonite Mg’ 




0.720 


0.560 


0.340 


0.300 

Augite Mg’ 






0.620 


0.400 


0.350 

Steps include separation 

of melt 

from solid alter 25, 50, and 75 percent crystallization at P 

-2 kb. 

Compositions at 90 and 95 percent crystallization calculated for 60% and 80%, respectively, equilibrium 

crystallization of the fourth batch of melt. 

Starting cotcctic (intercumulus) melt composition from Table 

2. Derivative melt and solid proportions are given 

in weight percent. (*) High proportion of augite 

relative to pigeonite in first half oflast 25% crystallization step results from discontinuity on separation 

of melt and crystals imposed by our model for stepwise crystallization. 






(Fig. 8). Moreover, concentrations of Ba, Sr, and RHHs in 
the average FNA cumulus plagioclase composition are within 
the range estimated by Phinney ( 1991 ) for cumulus plagio- 
clase of a hypothetical magma ocean. 

The ITE concentrations of the FNA suite, although low 
compared to average lunar crustal materials, are high relative 
to many other ferroan-anorthositic-suite samples (e.g.. Fig. 
15), owing to the intercumulus material. In fact, the compo- 
sition of intercumulus material corresponds approximately to 
that of a liquid in equilibrium with the cumulus plagioclase. 
Thus, using the composition of inlercumulus material as the 
distinguishing criterion l Wadsworth, 1985 ), these are domi- 
nantly orthocumulates, not heteradcumulates or adcumulates 
bearing rafted malic cumulus minerals. An orthocumulate 
with some 17 wt% intercumulus malic minerals is an alter- 
native to the approximately 17-19 wt% rafted malic minerals 
suggested by Warren ( 1993 ), on the basis of considerations 
of density of the magma ocean, plagioclase cumulates, and 
the bulk crust, and on the basis of mass-balance calculations 
of the composition of the upper crust. In tact, the lithie frag- 
ments in sample 67513 have compositions that we would ex- 


pect to have been common among products of crystallization 
in the upper part of a magma ocean. 

We suggest two broad constraints on the physical setting 
where the rocks formed. ( 1 ) The FNA system was a plagio- 
clase-rich rock body ( —85 vol% plagioclase) that was pro- 
duced when magma became isolated within a framework of 
cumulus plagioclase. (2) It was a large body relative to the 
(unknown) size of the impact(s) that excavated it, because 
many of the impact-brecciated hthic fragments in sample 
67513 consist almost exclusively of FNA components. 

For there to have been a large mass of cumulus plagioclase 
derived from a magma ocean, there must have been an even 
larger mass of mafic cumulates. In any event, a large mass of 
plagioclase precipitated from a cotectic liquid would be ac- 
companied by precipitation of a roughly equal mass of malic 
minerals, some of which should be combined with plagioclase 
in relatively mafic rocks. Rocks as mafic as gabbro or norite, 
however, are not included in any of the FNA polymict (or 
genomict ) impact breccias from 67513, indicating that the 
scale of the separation of such mafic rocks from cogenetic 
plagioclase was also large relative to the size of the impactor 
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that originally excavated these rocks. This is consistent with 
the concept of a magma ocean, giving perched or near-surface 
plagioclase-rich rockbergs with attendant intercumulus melt. 
For example, starting with a magma ocean of 400 km depth 
and assuming plagioclase saturation after 75% solidification 
as mafic cumulates that sank or crystallized at the bottom, the 
upper 83 km would consist of plagioclase-saturated magma 
and a thin chilled crust. If the upper 83 km of the magma 
ocean formed a plagioclase orthocumulate, comprising 70 
vol% plagioclase and 30 voI% intercumulus material, plus 
dense, residual gabbronoritic magma and additional mafic cu- 
mulates, then the plagioclase orthocumulate would be some 
50 km thick, on average. This is easily thick enough to prevent 
all but the largest basin impacts from penetrating the anor- 
thositic rocks and exhuming any related mafic rocks. Unlike 
the anorlhositic layers of terrestrial mafic intrusions, which 
are interlayered with mafic rock units, the lunar anorthositic 
rocks would rise above residual liquids, which on the Moon, 
follow the trend of Fe enrichment (due to lack of magnetite 
or amphibole in the crystallization sequence). 

There are alternatives to a simple layered magma-ocean 
origin as outlined above. The two constraints given above 
require only a large-scale physical separation of mafic rocks 
from the cumulus-plagioclase- intercumulus-melt system. 
This might have occurred on the scale of a large pluton. sim- 
ilar in scale to terrestrial massif anorthosites (e.g., see model 
of Longhi and Ashwal, 1985 ), which are of sufficient size to 
host meteorite impacts large enough to generate the range of 
impactites observed in the rock fragments in sample 67513. 
The FNA system may have crystallized initially by a process 
similar to that of the Stillwater thick anorthosites (isolation 
of cumulus plagioclase and crystallization of intercumulus 
material), but a second stage involving further separation 
from mafic rocks and upward migration, as in the origin of 
terrestrial massif anorthosites, would be required because of 
the lack of mafic rocks or corresponding mafic impact melts 
among the impact debris. We note that inclusion-rich plagi- 
oclase such as occurs in FNA samples from 675 1 3 is common 
in massif anorthosites, but not in Stillwater anorthosites. This 
and the exsolution features observed in pyroxenes support a 
two-stage petrogenesis for the FNA-eomposition rocks. 
Moreover, a two-stage origin such as this would prevent ex- 
tended communication between intercumulus melt and con- 
temporary magma, leading to a rock body that is mainly or- 
thocumulus rather than adcumulus in nature. 

A two-stage origin may have occurred within a crystalliz- 
ing magma ocean. If the zone of nucleation of plagioclase 
was deep when plagioclase began to crystallize, the accu- 
mulation of plagioclase may have begun at some deep crustal 
level (i.e., perched) as opposed to migration all the way to 
the top of the magma ( i.e., flotation ) . Accumulation may have 
occurred in specifically favorable locations instead of along a 
broad horizontal zone, thus leading to the formation of pla- 
gioclase-rich diapirs within the upper part of the magma 
ocean. Such diapirs then rose to near the top of the magma 
ocean, displacing overlying, more dense magma. A more or 
less continuous process of this kind could lead to a thick pile 
of noritic-anorthosite plutons in the upper crust, as suggested 
by Longhi and Ashwal ( 1985). 



Sc (ppm) 

Fig. 14. Histogram of Sc concentrations in FNA-system lithic frag- 
ments from sample 67513, showing bimodal distribution. The total 
number of samples is 148; the average composition of this set is given 
in Table 2, Col. 2. The mass-weighted mean Sc concentration is 8.63 
ppm. Compositional designations of “anorthosite” and “gabbroic/ 
noritic anorthosite” are based on the Sc-Al correlation (Fig. 2). 

CONCLUSIONS 

We have analyzed a set of rock particles from the rim of 
North Ray Crater that appears to come from a single igneous 
system which we refer to as the ferroan noritic-anorthosite 
composition igneous system. Petrographically and geochem- 
ically similar rocks are found as clasts in breccias such as 
67455 (Lindstrom and Salpas, 1983) and 67075 (McCallum 
et al., 1975). The system bulk composition inferred from 
lithic fragments of sample 67513 is that of ferroan noritic 
anorthosite, with —30 wt% A1 2 0 3 and Mg' of 0.56. Most of 
the 2-4 mm particles are polymict (dominantly genomict) 
breccias, but many contain relict igneous clasts. A much 
smaller number of fragments are entirely monomict and retain 
relicts of their original igneous texture. Many have the com- 
position of anorthosite, but most have the composition and 
mineralogy of noritic or gabbroic anorthosite. A few are an- 
orthositic gabbro or anorthositic norite. The compositional 
distribution of fragments is that expected for a plagioclase- 
rich body with relatively small-scale (centimeter to decime- 
ter) segregations of plagioclase and anorthositic norite, not a 
massively layered system of anorthosite and gabbro or norite. 

Mineral compositions and geochemical characteristics sug- 
gest that these rocks formed as a cotectic mafic liquid crys- 
tallized within a framework of cumulus plagioclase. The mass 
balance for this ‘ "system’ ’ was —70 wt% cumulus plagioclase 
and 30 wt% intercumulus, cotectic melt. The system origi- 
nated as a perched or suspension cumulate, which evolved to 
a point where through-flow or exchange of contemporary 
magma was restricted, leading to an orthocumulate with a 
total of ~85 vol% plagioclase. The intercumulus melt solid- 
ified (postcumulus stage) mainly by equilibrium crystalliza- 
tion, but with minor, localized, late-stage fractional crystalli- 
zation and migration of residual liquid. 

These processes can produce most of the range of bulk 
compositions, mineral compositions, and mineral assem- 
blages, including the inferred order of crystallization; how- 
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Fig. 15. Concentrations of Sc vs. Sm comparing (a) samples of the 
FNA suite from 67513, (b) samples of the ferroan anorthositic suite 
from locations other than North Ray Crater, including other Apollo 
sites, and (c) subsamples of the lunar-highland meteorites collected 
in Antarctica. Data sources include Hubbard et a!., 1974; Wanke et 
al., 1974; Warren and Wasson, 1978; Blanchard and Budahn, 1979; 
Haskinetal., 198 1 ; Korolev et al., 1983; Warren et al., I983a,b, 1986, 
1987, 1991; Ryder and Norman, 1980; Ryder. 1985; Lindstrom et 
al., 1986; Salpas et al., 1988; James et al., 1989, 1991; Jolliff et al.. 

1 99 1 a,b; Laul et al , 1989. 

ever, they do not by themselves produce the full range of 
observed geochemical and petrographic characteristics. Some 
recrystallization of cumulus plagioclase and exchange of 
components between cumulus plagioclase and intercumulus 
materials is indicated. Observed mineral compositions, forex- 


ample, the high and restricted range of plagioclase An con- 
tents and complex compositional zoning patterns of plagio- 
clase, are consistent with partial reaction or reequilibration 
between intercumulus minerals or melt and a portion of the 
cumulus plagioclase, possibly aided by recrystallization. 

A two-stage genesis is indicated for these rocks. The first 
stage of formation is roughly analogous to that of anorthosites 
of the Middle Banded Zone of the terrestrial Stillwater Com- 
plex. The rocks derive from a system of accumulated plagio- 
clase and entrained intercumulus melt in which cumulus pla- 
gioclase had previously separated from cogenetic mafic min- 
erals. Unlike the Stillwater anorthosites, however, there was 
no significant communication between the intercumulus melt 
and a larger reservoir of similar melt, leading to a predomi- 
nantly orthocumulus rather than adcumulus rock system for 
the lunar rocks. The overall igneous system was large enough 
that later meteorite impacts that produced FNA-composition 
breccias did not sample mafic cumulates that might have been 
cogenetic with cumulus plagioclase. Thus, either the plagio- 
clase cumulate was extremely thick, as in the case of a deep 
magma ocean, or the second stage involved extensive further 
separation from related mafic rocks, which may have occurred 
when the plagioclase-rich cumulate system became diapiri- 
cally buoyant and separated from (or moved to the top of) 
the larger magma system. A two-stage origin such as this may 
provide the driving force for recrystallization and reequilibra- 
tion indicated by our geochemical model. Thus, the second 
stage of formation of these rocks, which may be analogous to 
the formation of terrestrial massif anorthosites, involved dia- 
piric rise of the system to an upper crustal level, whether from 
a discrete magma at the base of the crust or from a deep 
plagioclase accumulation in a magma ocean. 
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APPENDIX 

The lithic fragments described below are from sample 67513, col- 
lected from the southeastern rim of North Ray Crater, within a few 
meters of the white-breccia boulders at Station 1 1 (Fig. Al ). Sample 
675 1 3 is the 2-4 mm sieved split ( 1 9.4 g ) of 675 1 0 ( originally 1 34 g ) . 
We selected this sample for detailed analysis partly because the < 1 
mm fine split, 67511, has compositional characteristics more like 
those of ferroan-anorthositic-suite igneous rocks than does any other 
Apollo 16 soil. These characteristics include relatively low Mg', 
~0.64 low concentrations of incompatible trace elements (ITE); and 
high bulk Sc/Sm ( Korotev, 1982; Morris et al., 1983). This soil, 
taken as part of a rake sample, is immature ( l s /FeO = 8.8, Morris et 
al., 1983), suggesting that it has not been reworked extensively by 
surface processes. Macroscopic descriptions of the 4-10 mm lithic 
fragments suggest that, in addition to polymict breccias, the sample 
contains plagioclase-rich igneous fragments, including gabbroic 
anorthosite (Marvin, 1972). 

Description of Individual Monomict Igneous Samples 

675 1 3,7012 — Pyroxene-rich ferroan gahhronorite 

This sample, originally 41 mg, consists of calcic plagioclase 
(~An yfi ), finely exsolved, ferroan pyroxenes, ilmenite, disseminated 
troilite, and Cr-spinel included in pyroxene (Table A I, Fig. A2a,b). 
The overall texture is cataclastic from moderate shock deformation, 
but relict, relatively coarse grains reflect a hypidiomorphic-granular 
original texture. 

Aggregates of fractured plagioclase grains constitute remnants of 
originally blocky grains ranging in size up to 1.2 mm. These gener- 
ally have undulatory extinction and cataclastic texture, but some 
grains retain lath shapes. Many of the coarse plagioclase grains con- 
tain abundant, evenly distributed mafic granules, generally 1 -2 ^m 
or smaller in size. Qualitative analyses by energy-dispersive electron- 
microprobe and laser-Raman-microprobe techniques indicate that 
these are Ca-rich pyroxene. In several grains, mafic granules are ori- 
ented along parallel planes within the host plagioclase. Coarse pla- 
gioclase grains have core compositions ranging from An 94 5 to An yf , ^, 
and some have very thin, relatively sodic rims ( —An^^) where they 



Fig. AL Planimetric map of Station 1 1 sampling site at the rim of 
North Ray Crater, Apollo 16 landing site, after Ulrich (1981). Lo- 
cations are shown for samples discussed in the text. 
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Table AT Mineral modes (volume percent) of representative monomict 
ferroan noritic-anorthosite -system lithic fragments from sample 67513. 


sample No. 

,7012 

,7052 

,7061 

,7071 

,7075 

,7097 

mass 

40.5 

39.8 

26.8 

24.6 

16.2 

18.2 

Plagioclase 

33.8 

93.7 

87.0 

99.7 

95.3 

59.7 

Low-Ca Pyroxene 44.7 

4 5 

9.6 

0.1 

3.4 

31.3 

High-Ca Pyroxene 20 8 

1.7 

3.3 

0 2 

1,3 

8.7 

Sum Pyroxene 

65 5 

6.3 

12.9 

0.3 

4.7 

40.0 

Olivine 


0.01 



0.01 


Ilmenite 

0.3 


0.06 



0.13 

Cr-Spincl 

0.2 

0.03 

0.03 


0.01 

0.10 

troilite 

0.07 





0.06 

Assemblages: 

,7012 - gabbronoritc 

,7071 - anorthosite 



,7052 - anorthosite 

.7075 - anorthosite breccia 


,7061 - noritic anorthosite 

,7097 - gabbronorite 



contact pyroxene. Compositions of tine-grained, interstitial plagio- 
clase extend to ~An w (Table A2). 

Pyroxene grains range up to 1.2 mm in size and contain very tine 
exsolution lamellae ( mostly <5 //m) . Clinopyroxene grains that have 
intermediate bulk Ca concentrations ( Wo 2 |, Mg' = 0.54, Table A3 ) 
and that have subcqual proportions of exsolved augite and pigeonite, 
form cores up to several hundred micrometers in maximum dimen- 
sion that are mantled by inverted pigeonite. Cores appear to have 
been partially resorbed prior to overgrowth. It is unclear whether the 
clinopyroxene cores crystallized initially as subcalcic augite or very 
calcic pigeonite, but it appears that, after exsolution, the host is high- 
Ca pyroxene (Fig. A2b). Inverted pigeonite (bulk composition 
Wo 12 . Mg' = 0.53) contains irregularly distributed augite lamellae 
up to —10 urn thick. Augite grains (Wo 19 , Mg' = 0.63) contain low- 
Ca pyroxene lamellae. Bulk compositions of early-formed ciinopy- 
roxenes (presumably C2/c) of intermediate Ca concentrations indi 
cate a crystallization temperature of about 1 175°C (Lindsley and An- 
dersen ( 1983) geothermometer) followed by later crystallization of 
pigeonite (P2,/c?) and augite 50 to 80° lower, and exsolution to 
about 800°C (Fig. A3a, Table A3). 

Ilmenite poor in Mg (MgO = 1.3%) occurs as discrete grains up 
to 400 //m across, as well as l- 10 (jm exsolved grains in pyroxene. 
Pyroxenes also contain very fine-grained inclusions (exsolved ?) of 
Cr-spinel (Chr h2 Ple 2 oUlv, 8 ). Elongate, submicron inclusions are ori- 
ented along crystallographic axes, whereas coarser spinel grains lie 
along fracture surfaces, and in some cases, appear to outline relict 
crystal faces. The fine-grained oxide inclusions give host pyroxenes 
a dark appearance under the petrographic microscope. In fact, bulk 
subcalcic-augite cores are richer in Fe, relative to their Wo content, 
and much richer in Cr than the sum of their individual pyroxene 
exsolution lamellae, reflecting the abundance of Cr-spinel inclusions. 

Sample 67513,7012 shows a range of deformation features; some 
grains have microfault ( sheared ) offsets, and the thin section contains 
a 400 /jm shear zone within which mineral grains are strongly cata- 
clasized (Fig. A2a). The pyroxenes in this sample are similar in 
texture and composition to those described from 67075 anorthositic 
fragmental breccia by McCallum et al. ( 1975). 

67513, 7097 — Ferroan gabhronohte 

This 18-mg sample comprises some 60 vol% plagioclase and 40% 
pyroxene, plus minor ilmenite, Cr-spinel, and troilite (Fig. A2c). 
Relatively coarse pyroxene and plagioclase grains have been severely 
crushed, but not mixed, and they have not been thermally annealed. 
The largest plagioclase grain in our thin section is equant and about 
1 mm across. Plagioclase is relatively uniform in composition, 
An^.o- An 967 , but along grain contacts with pyroxene, there are thin, 
slightly more sodic rims, ranging to An 916 (Table A2). Low-Ca py- 
roxene is more abundant than augite, and both pyroxenes contain fine 
lamellar and granular exsolution. Broad-beam analyses of exsolved 
pyroxenes yield bulk pigeonite (Wo (6 and Mg' — 0.54) and bulk 
augite (Wo,, and Mg' = 0.59) compositions (Table A3). A range 
of crystallization temperatures from 1 100 to I 150°C is indicated by 
the bulk pyroxene compositions (Fig. 3b). The compositions of il- 
menite (MgO = 1.2%) and Cr-spinel (Chr^Ple 24 Ulv,„) in this sam- 
ple are similar to those of 67513,7012. Despite measurable sidero- 
phile-element concentrations (Table 1 ), which may be surface con- 


tamination, we consider this rock fragment to be essentially 
monomict. 

67513, 7052 — Ferroan anorthosite 

This sample is a 40-mg fragment consisting of 94 vol% plagioclase 
and —6% of relatively coarsely exsolved pyroxene, plus traces of 
olivine and Cr-spinel. Plagioclase grains range in maximum dimen- 
sion from 0.3 to 1 .8 mm and are only moderately fractured. Pyroxene 
grains range up to 1 mm across and occur interstitial to large plagio- 
clase grains, some having arcuate grain boundaries with plagioclase. 
The distribution and morphology of pyroxene grains suggest an in- 
tcrcumulus relationship to plagioclase (Fig. A2d). 

Plagioclase grains are clouded with I -5 /im mafic inclusions, ori- 
ented in regions where they are fine grained, and irregularly distrib- 
uted where they coarsen. The inclusions range from elongate, needle- 
like rods to blebby grains. Plagioclase compositions range from An*, 
to An y8 and have highly variable Mg/Fe (Table A2), probably re- 
sulting from the nonuniform distribution of mafic inclusions and their 
variable incorporation in broad-beam electron-microprobe analyses. 
We have not attempted to avoid inclusions in the analyses because 
wc believe the Fe and Mg components to have been dissolved in the 
original, liquidus plagioclase. The Mg-rich nature, relative to Fe, of 
some of the individual plagioclase analyses suggest that many of the 
inclusions may be augite. 

Pyroxene consists of inverted pigeonite with augite exsolution la- 
mellae 10-20 /im thick and locally offset or thickened by micro- 
faults. By modal recombination of lamellae of coarse pyroxene, we 
obtain a bulk pyroxene composition of pigeonite (WO| 15 , Mg' 
= 0.64), which suggests a crystallization temperature of about 
1 I25°C (Fig. 3a). Scarce olivine (F044) and Cr-spinel (Chr 5 <,- 
Plc 28 Ulv n ) occur as tiny, interstitial grains and as inclusions in py- 
roxene. 

675 1 3,7061 — Ferroan noritic anorthosite 

This 27-mg fragment consists of 87 vol% plagioclase and 13% 
pyroxene, plus trace ilmenite and Cr-spinel (Fig. A2e). It has a 
strongly cataclastic texture and includes small areas that appear to 
have been melted and subsequently devitrified. Coarse “clots” of 
plagioclase grains of nearly uniform extinction preserve a vestige of 
the former igneous texture. Relict plagioclase grains range up to 0.8 
x 1.5 mm and have blocky forms. They are heavily shocked, exhib- 
iting wavy and mosaic extinction, but are not isotropic. Pyroxene 
grains are typically 0.1 to 0.3 mm in maximum dimension and are 
of roughly triangular or irregular shapes that occur interstitial to the 
larger plagioclase grains, suggesting a relict orthocumulus texture, 
with pyroxene the intercumulus phase. Plagioclase contains abun- 
dant, irregularly distributed inclusions of <5 /tm across (pyroxene 
and Fe-Ti-Cr oxides). In our thin section of this sample (Fig. A2e), 
about a third of the sample looks like finely crushed breccia matrix; 
this consists of scattered, finely crushed, primary pigeonite and augite 
in a crushed plagioclase matrix. Exsolution textures and compositions 
of pyroxene grains confirm that these derive from the same lithology 
as the coarse-grained parts of the sample. 

Plagioclase compositions average An % (Table A2), and exsolved 
pyroxenes have bulk compositions of pigeonite (Wo )5 , Mg' = 0.52) 
and subcalcic augite (Wo.„, Mg' = 0.58) (Table A3). Pyroxene 
exsolution lamellae range from 5-50 /im thick and their composi- 
tions ( Wo hf> , Mg' - 0.49 and Wo,*, Mg' = 0.61 ) indicate equili- 
bration at ~800-900°C (Fig. A3b). Cr-spinel ( Chr h5 Ple 22 Ulv, ,) is 
compositional ly very similar to that of 67513,7012 and ,7097 (Ta- 
ble A4). 

67513, 7071 — Cataclastic ferroan anorthosite 

This 25-mg fragment is a strongly fractured, relict single-crystal 
grain of An* lA plagioclase, about 2x3 mm in cross section (Fig. 
A2f). It contains less than half a percent of scattered, 5-10 //m py- 
roxene grains ( bulk FeO concentration of the sample = 0.20 wt%, 
Table 1 ). Low-Ca pyroxene has Mg' of 0 6 and high-Ca pyroxene, 
0.7. Plagioclase is “clouded” with mafic inclusions that are concen- 
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Fig. A2. Photomicrographs showing textures of monomict lithic fragments from sample 67513. (a) Transmitted light photomicrograph of 67513,7012. 
The right two-thirds show coarse-grained relict texture. In the left-center, mnning vertically through the section is a crushed zone, but on the basis of 
mineral compositions, it appears to be the same lithology as the coarse area. Sample is 3 mm across, (b) Backscattered electron image of 67513,7012 
composite pyroxene crystal showing early subcalcic augite with thin exsolution lamellae of pigeonite, overgrown by a later generation of pigeonite. 
Dark regions are plagioclase. Scale bar is 100 //m. (c) Transmitted light photomicrograph of 67513,7097. Sample is 2.8 mm across. Light areas are 
plagioclase crystals and dark areas are clots of pigeonite and augite. (d) Transmitted light photomicrograph of half of 67513,7052 showing relict igneous 
texture. Plagioclase in this fragment comprises only two optically continuous grains. Plagioclase is “clouded” with mafic inclusions, but appears slightly 
clearer along grain boundaries and where the inclusions coarsen (e.g., left-center). Same scale as (c). (e) Transmitted light photomicrograph of 67513,7061 . 
Light areas are shocked single-crystal grains of plagioclase that show only a vestige of relict igneous texture with interstitial pyroxenes. The right side 
of the section has a cataclastic texture, but similar exsolution textures in pyroxene fragments and uniform compositions of pyroxenes and plagioclase in 
the coarse-grained and cataclastic regions indicate that the sample is monomict. Sample is 3 mm across, (f) Transmitted light photomicrograph of 
67513,7071 with crossed polarizers, showing fractured zone in an approximately 2X3 mm single, relict grain of plagioclase. Mafic inclusions, which 
are readily visible with the polarizers uncrossed, uniformly cloud plagioclase “subgrains,” but are concentrated along composition planes of twin 
lamellae. Field of view is about 1 .6 mm. 
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Table A2. Representative plagioclase compositions in 2-4 mm, ferroan noritic-anorthosite-system 
lithic fragments from sample 67513, North Ray Crater. 


Monomict samples 



,7012(1) 



,7052 (2) 


,7061 ,7071 

,7075 


No. of 

avg 

early 

late 

avg 

high An 

magn 

ferr 

avg avg avg 

cist A 

cist B cist C 

analyses 

20 

4 

4 

10 

2 

5 

5 

5 4 13 

4 

4 

5 

SiOj 

44.60 

44.34 

45.21 

43.90 

43.65 

44.07 

43.73 

44.12 44.23 43.47 

43.86 

43.05 

43.37 

A1 2 Oj 

35.49 

35.93 

35.30 

35.77 

36.31 

35.53 

36.00 

35.81 35.85 35.94 

35.83 

36.10 

35.74 

FeO 

0.28 

0.29 

0.39 

0.19 

0.29 

0.16 

0.23 

0.13 0.17 0.09 

0.07 

0.09 

0.10 

MgO 

0.04 

0.02 

0.03 

0.11 

0.01 

0.21 

0.01 

0.02 0.12 0.01 

0.01 

0.01 

0.02 

CaO 

19.20 

19.58 

18.79 

19.85 

19.94 

19.82 

19.87 

19.45 19.67 19.80 

19.65 

19.90 

19.71 

Na 2 0 

0.54 

0.35 

0.70 

0.29 

0.17 

0.32 

0.26 

0.43 0.38 0.26 

0.31 

0.20 

0.29 

k 2 o 

0.03 

0.03 

0.04 

0.0 1 

0.01 

0.02 

0.01 

0.03 0.01 0.02 

0.02 

0.02 

0.02 

Total 

100.2 

100.5 

100.5 

100.1 

100.4 

100.1 

100.1 

100.0 100.4 99.6 

99.7 

99.4 

99.2 





Cations calculated on the basis of 8 oxygens 




Si 

2.058 

2.041 

2.078 

2.031 

2.015 

2.038 

2.024 

2.041 2.038 2.021 

2.034 

2.008 

2.024 

A1 

1.930 

1.949 

1.912 

1.950 

1.976 

1.937 

1.964 

1.952 1.947 1.970 

1.958 

1.984 

1.965 

LSi+Al 

3.988 

3.990 

3.990 

3.981 

3.991 

3.975 

3.987 

3.993 3.985 3.991 

3.992 

3.992 

3.989 

Fe 2+ 

0.011 

0.011 

0.015 

0.008 

0.011 

0.006 

0.009 

0.005 0.007 0.004 

0.003 

0.003 

0.004 

Mg 

0.003 

0.001 

0.002 

0.008 

0.001 

0.015 

0.001 

0.002 0.008 0.001 

0.001 

0.000 

0.001 

Ca 

0.949 

0.966 

0.925 

0.984 

0.986 

0.982 

0.985 

0.964 0.971 0.986 

0.976 

0.994 

0.985 

Na 

0.048 

0.031 

0.063 

0.026 

0.015 

0.029 

0.023 

0.039 0.034 0.024 

0.028 

0.018 

0.027 

K 

0.002 

0.002 

0.002 

0.001 

0.000 

0.001 

0.001 

0.002 0.001 0.001 

0.001 

0.001 

0.001 

£ Others 

1.014 

1.011 

1.008 

1.026 

1.014 

1.033 

1.019 

1.011 1.021 1.015 

1.009 

1.017 

1.019 

An 

95.0 

96.7 

93.4 

97.3 

98.4 

97.0 

97.6 

96.0 96.6 97.6 

97.1 

98.1 

97.2 

Ab 

4.8 

3.1 

6.3 

2.6 

1.5 

2.9 

2.3 

3.9 3.3 2.3 

2.8 

1.8 

2.6 

Or 

0.2 

0.2 

0.2 

0.1 

0.0 

0.1 

0.1 

0.2 0.1 0.1 

0.1 

0.1 

0.1 





Polymict samples — » 








,7097(1) 


,7011 


,7024 


,7088 

No. of 

avg 

early 

late 

avg 

grain 1 

grain 2 

grain 3 

avg clast 1 clast 2 clast 3 

avg 

clast 1 

clast 2 

analyses 

12 

3 

2 

22 

4 

11 

7 

8 2 4 2 

11 

7 

3 

sio 2 

44.28 

44.26 

45.23 

44.04 

44.17 

43.97 

44.08 

44.02 44.31 43.89 44.01 

44.20 

44.39 

43.60 

ai 2 o 3 

35.44 

35.61 

35.42 

35.93 

36.19 

35.98 

35.71 

35.73 36.11 35.55 35.73 

35.76 

35.88 

35.90 

FeO 

0.30 

0.15 

0.30 

0.15 

0.06 

0.13 

0.24 

0.52 0.72 0.47 0.41 

0.23 

0.25 

0.21 

MgO 

0.06 

0.06 

0.04 

0.09 

0.01 

0.07 

0.18 

0.05 0.01 0.03 0.16 

0.03 

0.03 

0.03 

CaO 

19.32 

19.32 

19.00 

19.72 

19.75 

19.76 

19.65 

19.44 19.54 19.36 19.50 

19.56 

19.54 

19.63 

Na 2 0 

0.49 

0.39 

0.67 

0.30 

0.26 

0.32 

0.29 

0.37 0.31 0.42 0.32 

0.44 

0.44 

0.42 

k 2 o 

0.03 

0.03 

0.06 

0.01 

0.01 

0.01 

0.02 

0.02 0.02 0.02 0.01 

0.02 

0.02 

0.02 

Total 

99.9 

99.8 

100.7 

100.2 

100.4 

100.2 

100.2 

100.1 101.0 99.7 100.1 

100.2 

100.5 

99.8 





Cations calculated on the basis of 8 oxygens 




Si 

2.051 

2.049 

2.075 

2.033 

2.033 

2.030 

2.037 

2.037 2.033 2.039 2.035 

2.041 

2.043 

2.024 

A1 

1.934 

1.943 

1.914 

1.955 

1.963 

1.958 

1.945 

1.948 1.953 1.946 1.948 

1.946 

1.946 

1.964 

£SifAl 

3.985 

3.992 

3.989 

3.988 

3.996 

3.989 

3.982 

3.985 3.986 3.985 3.983 

3.987 

3.989 

3.988 

Fe 2+ 

0.012 

0.006 

0.012 

0.006 

0.002 

0.005 

0.009 

0.020 0.028 0.018 0.016 

0.009 

0.010 

0.008 

Mg 

0.004 

0.004 

0.003 

0.006 

0.001 

0.004 

0.012 

0.004 0.001 0.002 0.011 

0.002 

0.002 

0.002 

Ca 

0.959 

0.958 

0.933 

0.975 

0.974 

0.978 

0.973 

0.964 0.961 0.964 0.966 

0.968 

0.964 

0.977 

Na 

0.044 

0.035 

0.059 

0.027 

0.023 

0.029 

0.026 

0.033 0.028 0.038 0.029 

0.039 

0.039 

0.038 

K 

0.002 

0.002 

0.003 

0.001 

0.00 1 

0.001 

0.00 1 

0.001 0.001 0.001 0.000 

0.001 

0.001 

0.001 

£ Others 

1.020 

1.005 

1.010 

1.015 

1.001 

1.016 

1.021 

1.021 1.018 1.022 1.023 

1.019 

1.015 

1.026 

An 

95.5 

96.3 

93.7 

97.3 

97.6 

97.1 

97.3 

96.6 97.1 96.2 97.0 

96.0 

96.0 

96.2 

Ab 

4.3 

3.5 

5.9 

2.7 

2.3 

2.8 

2.6 

3.3 2.8 3.7 2.9 

3.9 

3.9 

3.7 

Or 

0.2 

0.2 

0.3 

0.1 

0.1 

0.1 

0.1 

0.1 0.1 0.1 0.0 

0.1 

0.1 

0.1 


All Fe assumed to be divalent. 

Note (1) For ,7012 and ,7097, "early" plagioclase compositions taken from cores of several coarse grains and 
"late" compositions from rims or very fine interstitial grains. 

Note (2) For ,7052, plagioclase compositions fall into several groups: averages for these are given separately: 
high An - highest An content; magn - magnesian; ferr - ferroan. 


trated preferentially along composition planes of albite twin lamellae. 
The average FcO and MgO concentrations ot plagioclase are 0.17 
and 0.12 wt%, respectively (Table A2). 

675 13, 7075 — Catackisiic ferroan anorthosite 

This 16-mg fragment has a strongly cataclastic texture, with 
individual, angular plagioclase grains typically <200 pm 
across. It contains several millimeter-size ‘ ‘clasts” of strongly 


shocked and slightly annealed plagioclase grains { welded su- 
bgrain boundaries, but granoblastic texture not developed) in a 
very finely crushed, fragmental matrix that is not annealed. Pla- 
gioclase compositions range from An y7 1 to An^ i . Pyroxene 
fragments are very fine grained (<50 pm) and dispersed 
throughout the crushed plagioclase matrix. Both low-Ca pyrox- 
ene (Wo 4 , Mg' - 0.55) and high-Ca pyroxene (Wo 4 .,, Mg' 
= 0.69 ) are present. Small ( 50- 100 pm) patches of glassy, pre- 
sumably shock-melted rock are also scattered throughout the 
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Fig. A3. Photomicrographs of representative poiymict lithic fragments from sample 67513. (a) Transmitted light 
photomicrograph of 675 1 3,7008. Field of view is 3.3 mm. (b) Transmitted light photomicrograph of 675 13,701 1 . Same 
scale as (a), (c) Backscattered electron image of pyroxene-rich clast in 67513,7024. Vertical scale bar is 100 pm. (d) 
Backscattered electron image of pyroxene-rich clast in 67513,7088. 


fragmental plagioclase matrix. Trace amounts of olivine, Cr- 
spinel, and ilmenite are present. 


Description of Individual Poiymict Samples 

67513, 7008 — Fragmental breccia 

Sample 675 13,7008 is a 32-mg fragmental -matrix breccia contain- 
ing a seriate distribution of angular to subrounded mineral and lithic 
clasts that range up to about 1.3 mm across (Fig. A3a). The larger 
mineral clasts are mostly fragments of single plagioclase grains. 
Lithic clasts include glassy-matrix melt breccias; angular, glassy im- 
pact-melt fragments; granulitic breccias; and fragments of mafic, fer- 
roan igneous rocks. The largest lithic clast in the thin section has a 
cataclastic texture and an olivine-bearing gabbroic assemblage, sim- 
ilar in appearance to mafic parts of 67513,7061 noritic anorthosite 
(Fig. A3a, lower left). In this clast, plagioclase compositions are 
An 95 9 _ % a and Mg' of orthopyroxene and augite are 0.58 and 0.70, 
respectively. Several pyroxene-plagioclase clasts contain fragmented 
grains up to 400 pm across. Typical mineral compositions are pla- 
gioclase An,*,^ and Mg ' values of low-Ca pyroxene of 0.59. The 
fine-grained fragmental matrix (not recrystallized) is relatively 
pyroxene rich and appears to be crushed material similar to the py- 
roxene-plagioclase lithic clasts. The relatively high bulk Sc concen- 
tration of 13.6 ppm reflects the pyroxene-rich nature of this breccia. 


675 1 3,701 1 — Melt-matrix breccia with ferroan anorthosite clast 

This 33-mg sample contains a 1 X 1.5 mm clast with a ferroan 
anorthositic assemblage, half of which is dominated by a single, frac- 
tured plagioclase grain (average An 976 , Table A2; Fig. A3b). Pla- 
gioclase is inclusion rich, similar to that in the monomict lithologies 
described above, particularly 67513,7052. The clast also contains a 
300 pm augite grain (bulk Wo,(j 5 , Mg' = 0.64) and a few scattered, 
smaller pyroxene grains (Table A3). Small grains of olivine, Fo 18 , 
are also present. The large clast is surrounded by a light-brown, 
glassy matrix containing smaller clasts of the same plagioclase-rich 
lithology as the large clast. Contacts of the melt matrix with plagio- 
clase clasts are mostly diffuse and indicate partial digestion of pla- 
gioclase clasts at the time of melt formation. The melt matrix is glassy 
to finely crystalline ( dark area of Fig. A3b ) and has a very feldspathic 
bulk composition, e.g., A1 2 0 3 29-30 wt%. The melt matrix has a 
normative An content [An/( An + Ab -f Or)] of ~~0.96 and Mg' of 
~0.5. The major element composition of the impact-melt matrix is 
essentially the same as that of the bulk lithic fragment (Table 1). 
Also, the bulk sample has low siderophile element concentrations 
and a high Sc/Sm value. Thus, we interpret the impact-melt matrix 
(as well as the clasts) to be dominated by, if not composed exclu- 
sively of, the same lithology as the large clast. 

67513 , 7024 — Complex breccia 

This sample is a 42-mg ‘ ‘complex’ ’ melt breccia comprising about 
75% clast-bearing melt-matrix breccia with large plagioclase clasts 
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Table A3. Representative pyroxene compositions in ferroan norilic-anorthosite-system lithic fragments from sample 67513, North Ray Crater. 



Kionormct Samples 















67513,7012 



67513,7052 



67513,7061 


67513,7071 

67513,7075 


Opx 

Aug 

InvPig 

SubCaAug 

Aug 

Opx 

Aug 

bulk Px 

Cpx 

Opx 

Aug 

Pig 

Opx 

Aug 

Opx Aug 


exsolved lamellae 

bulk analyses 

— 

exsolved lamellae 

recombined 

exsolved lamellae 

hulk analyses 




SiO> 

51.03 

52.18 

50.66 

50.97 

51.44 

52.93 

52.59 

52.84 

51.68 

51.15 

5041 

50. 1 5 

52.54 

51.37 

5192 52.27 

1'iOj 

0.19 

0.31 

0.42 

0.52 

0.40 

0.24 

0.46 

0.30 

0,60 

0.25 

061 

0.45 

0.25 

0.35 

018 0.38 

Al.Oj 

0.39 

0.71 

0.42 

0.66 

0.73 

0.59 

1.08 

0.71 

1.29 

0.48 

1.25 

0.52 

0.76 

0.70 

0 36 0 79 

Cr 2 0 3 

0.35 

0.34 

0.32 

0.53 

0.40 

0.28 

0.33 

0.29 

0.35 

0.19 

0.42 

0.25 

0.11 

0.18 

0.13 0 24 

FeO 

29.20 

12.30 

25.47 

22.07 

14.10 

23.70 

8.86 

19 99 

14.11 

29.06 

17.47 

25.lt 

23.80 

9.91 

26 83 1098 

MnO 

0.44 

0.23 

0.38 

0.35 

0.26 

0.37 

0.19 

0 33 

0.27 

0.54 

0.32 

0.45 

0.37 

0.18 

046 023 

MgO 

16.95 

12.75 

15.98 

14.72 

13.23 

21 29 

14.62 

1963 

1231 

15.83 

13.40 

14.96 

20.23 

13.25 

18 42 13 53 

CaO 

1.09 

21.39 

5.96 

10.23 

18.85 

0.82 

22.20 

6.17 

19.82 

2 44 

15.18 

6.65 

1 64 

21.67 

1.15 2149 

Na 2 0 

0.00 

0.02 

0.01 

001 

0.03 

0.01 

0.02 

0.01 

0.02 

0,01 

0.02 

0.02 

0.00 

0.02 

0.00 002 

Total 

99 7 

100.2 

996 

100.1 

99.4 

100.2 

100.3 

100.3 

100.4 

100.0 

99 1 

98.6 

99.70 

97.64 

99.5 99.9 

Mg’ 

0.509 

0649 

0.528 

0.543 

0.626 

0.616 

0.746 

0636 

0.609 

0493 

0.578 

0 515 

0.602 

0 704 

0.550 0.687 

Pyroxene components corrected for Others 













W'o 

2.3 

42.7 

12 1 

21.6 

37.9 

17 

43.5 

13 6 

39.4 

6.8 

30.5 

14.7 

3.4 

44.2 

2.4 42.9 

En 

49.7 

37.2 

46 4 

42.6 

38.8 

60.5 

42.2 

55.0 

36.9 

45.9 

40 1 

43.9 

58.2 

39.3 

53.7 39.3 

Fs 

48.0 

20.1 

41.5 

35.8 

23.2 

37.8 

14.3 

31.4 

23.7 

47.3 

29.3 

41.4 

38.4 

16.5 







Polymict Samples 











67513,7097 



67513,7011 


67513,7024 




67513,7088 



Opx 

Aug 

Pig 

SubCaAug 

Opx 

Aug bulk Px 

Opx 

Aug bulk Px 

Opx 

Aug 

InvPig 

Aug 

bulk Pig bulk Aug 


exsolved lamellae 

bulk analyses 







Clast l 

Clast 1 

Clast 2 

Clast 2 

Clast 3 Clast 3 

Si0 2 

51.64 

51.81 

50.83 

50.92 

51.74 

51.50 

51 66 

51.45 

52.30 

51.86 

52.00 

51.73 

52.93 

52.22 

52.82 51.00 

Ti0 2 

0.16 

0.41 

0,52 

0.82 

0 14 

0.37 

0.37 

0.49 

0.42 

0.49 

0.24 

0.76 

0.33 

0.76 

0.34 0.94 

AJ 2 Oj 

0.39 

111 

0.99 

0.83 

0.71 

3.58 

1.60 

0.49 

0.92 

0.85 

0.51 

1 41 

0.54 

1.26 

0.46 1.56 

Cr 2 Oj 

0.10 

0.29 

0.36 

046 

0.10 

0.26 

0.50 

0.19 

0 21 

0.26 

0.14 

0.30 

0.13 

0.28 

0.23 0.39 

FeO 

28,77 

12.94 

23.59 

17.05 

27.43 

12.62 

12.83 

26.81 

11.33 

16.21 

24.88 

10.77 

23.63 

11.16 

22.74 12.85 

MnO 

0.48 

0.23 

0.38 

0.29 

0.40 

0.20 

0.23 

0,44 

0.22 

0.27 

0.44 

0.25 

0.41 

0.21 

0.40 0.27 

MgO 

1 7 22 

12.66 

15.57 

13.54 

18 28 

12.29 

12.93 

18.26 

12.76 

14.12 

18.94 

14.17 

19.64 

14.71 

17.61 14.41 

CaO 

l 34 

20.76 

7.17 

15.35 

1.29 

19.60 

20.30 

1.08 

21.50 

15.50 

2.35 

20.98 

3.30 

20.33 

5.89 1749 

Na 2 0 

0.00 

0.03 

0.01 

0.02 

0 0 1 

0.11 

0.04 

0.00 

0.03 

0.02 

0.00 

0.00 

0.01 

0.02 

0.00 0.00 

Total 

100. 1 

100.2 

99.4 

99.3 

100.1 

100.5 

100.5 

99.2 

99.7 

99.6 

99.5 

100.4 

100.9 

101.0 

100.5 98.9 

Mg’ 

0.516 

0.636 

0.540 

0.586 

0.543 

0.635 

0.642 

0 548 

0.668 

0.608 

0.576 

0.701 

0.597 

0.701 

0.580 0.667 

Pyroxene components corrected for Others 














2.8 

41.2 

166 

30.9 

2.7 

35.9 

39.4 

2.3 

43.0 

31.2 

4.9 

41.4 

8.1 

40.0 

14.3 34.9 


50.2 

37.4 

45 1 

40.5 

52.8 

40.7 

38.9 

53.6 

38.1 

41.9 

54.8 

41.1 

54.9 

42.1 

49.7 43.4 


47.0 

21.4 

38.3 

28 6 

44 5 

23.4 

21.7 

44.1 

19.0 

27.0 

40.3 

17.5 

37.0 

17.9 

36.0 21.7 

Each analysis represents an average of 2 to 8 electron microprobe spot analyses 

All Fe and Mn assumed to be divalent. Pyroxene "others" calculated as in Lindsiey and Anderson (1983). except 

that AI(VI) and Al(IV) reckoned from charge balance requirements assuming the following components: NaAlSi 2 0< 

h CaCrAlSiOfi, and (Fe,Mg)TiAl 2 0«. For orthopyroxene, the R cations of Cr 

and AJ Tschermak’s components taken to be Fe and Mg. Excess Ti ( available AJ(tV)) assumed to be (R ) 2 TiSiC>6 where R -Ca,Fe,Mg. Abbreviations - 

Opx: orthopyroxene, Aug: augite; 

InvPig: inverted pigeonite; SubCaAug: subcalcic augite; Px: pyroxene, "lamellae” indicates that analysis spots were confined to individual lamellae 

in exsolved pyroxene 

’'Bulk" indicates that a 

large s 

ipot (30-50 micron diameter) was used to obtain a composite analysis of both low-Ca and high-Ca 

exsolution lamellae. 







and 25% cataclastie anorthositic-gabbronoritc breccia. The contact 
between the two breccia lithologies is diffuse over a thickness of 
about 100 pm and there is coarsening of the crystalline matrix in this 
region. It appears that the breccias were welded together while the 
matrix was still molten. 

The anorthositic-gabbronoritc breccia has a finely crushed frag- 
mental matrix and contains mineral and lithic clasts ranging up to 
about 2(X) pm. The most common lithic clast type is cataclastie gab- 
bronorite comprising cxsolved pyroxenes and plagioclase (Fig. 
A3c) Compositions of coexisting plagioclase (Table A2 ) and py- 
roxenes (Table A3) are very similar to those of the igneous, pyrox- 
enc-rich lithic fragments such as 67513,7012 and ,7007. 

The melt breccia has a brown, glassy to very finely crystalline 
matrix and about 25% plagioclase clasts that range up to 0.6 mm 
across. Most clasts are relict single grains of heavily shocked, but not 


Tabic A4. Oxide compositions in FNA-systcm lithic fragments from sample 6751.1. 


Sample 


Chrome Spinel 


Ilmen itc 


,7012 

.7052 

,7061 

,7097 

,7088 

,7012 

,7097 

,7088 

SiOj 

0.05 

005 

0 42 

0.05 

0.03 

0.03 

0.04 

0.02 

Ti0 2 

6.53 

5.11 

4 78 

3.86 

3.08 

53.1 

52 6 

52.5 

AhO, 

946 

13 47 

1041 

11 21 

11.95 

0 01 

0.01 

0.03 

Cr 2 Oi 

43.2 

43.1 

46.1 

46 5 

48.1 

0.23 

0.16 

0.27 

FeO 

39.5 

36.0 

36 1 

36.0 

34 4 

44.9 

45 0 

45.2 

MnO 

0.31 

0.38 

0 38 

0.39 

0 31 

0.49 

0.47 

0.42 

MgO 

IK) 

1 53 

1.05 

1.07 

l 54 

1.32 

1 21 

1.66 

Cat) 

0 17 

0.27 

0 69 

0.17 

023 

007 

0 36 

0 36 

NajO 

0.02 

0.01 

0.02 

<0.01 

0 01 

0.00 

002 

0.00 

Total 

100.3 

99.9 

99.9 

99.3 

99 7 

100.2 

99 9 

100.5 

Mg’ 

0.048 

0.070 

0.049 

0.050 

0.074 

0.050 

0 046 

0.061 

Pleonaste 

0.20 

0.28 

0 22 

0.24 

025 




Chromite 

0.62 

0 59 

0.65 

0.66 

0.67 




UlvO spinel 

0.18 

0.13 

0.13 

0.10 

008 





isotropic, plagioclase and have partially resorbed or melted edges. 
Many of these plagioclase grains are crowded with very fine-grained 
mafic inclusions, and their typical anorthite content is — Aiv?. 

The matrix of the melt breccia is nearly identical in composition 
to the hulk sample (e.g.. TiCL, 0.3 -0.4; ALO<, 27-29; FeO. 6-6.5; 
MgO, 3.4-3. 7; CaO, 16-17; and Na : 0, 0.36-0.4). That the melt 
breccia contains mostly anorthite clasts indicates that the anorthosi- 
tic-gabbronorite fragmental breccia must be at least as mafic in bulk 
composition, or slightly more so, than the hulk composition of the 
entire particle. Like the Iwo polymict samples described in the pre- 
ceding paragraphs, 67513,7024 has low ITK and siderophile-clement 
concentrations (Table 1 ). the bulk Mg 7 is low (0.51 ), and Sc/Sm is 
high (20). These characteristics indicate that the components of this 
complex breccia all derived from a ferroan. relatively mafic (noritic- 
anorthosite), igneous precursor. 

67513, 70SS — Melt breccia with gabbronorite clasts 

This 28-mg sample is also a “complex" breccia in that it contains 
both melt-matrix breccia, with small, ferroan, mafic clast assem- 
blages and fragmental breccia containing small lithic clasts of the 
melt-matrix breccia (Fig. A3d). Contacts between the glassy/crys- 
talline-matrix melt breccia and fragmental -matrix breccia are sharp; 
this, coupled with the occurrence of melt-breccia clasts within the 
fragmental breccia, indicates that the formation of the fragmental 
breccia occurred at some time after the melt solidified, but possibly 
in the same impact event. 

The melt-matrix breccia, which is clast-rich and has a glassy to 
cryptocrystalline matrix, dominates the sample, constituting about 
K()% of the thin section. Lithic clasts are small, ranging up to only 



2374 


B. L. Joliiff and L. A. Haskin 


Table A5. Representative olivine compositions in FNA-system lithic fragments from sample 67513. 


Sample No. 
description 

,7052 
avg (3) 

,7008 
avg (2) 

,7011 
clast 1 

,7088 
clast 1 

,7088 
clast 2 

,7088 
clast 3 

,7157 ,7157 

clast 1 cs R. Ign 

,7165 
vf grain 

,7167 

LithCl 

Si0 2 

34.37 

34.36 

33.75 

33.17 

33.31 

33.64 

34.55 

34.51 

34.42 

34.28 

TiCh 

0.02 

0.08 

0.04 

0.03 

0.05 

0.05 

0.02 

<0.02 

<0.02 

0.02 

A1 2 C>3 

0.01 

<0.01 

<0.01 

<0.01 

0.01 

0.02 

0.01 

<0.01 

<0.01 

<0.01 

Cf2C>3 

0.04 

<0.02 

<0.02 

<0.02 

0.04 

<0.02 

<0.02 

0.03 

<0.02 

0.02 

FeO 

44.71 

44.25 

49.20 

48.02 

46.26 

46.87 

41.35 

45.14 

44.81 

45.53 

MnO 

0.49 

0.51 

0.54 

0.53 

0.47 

0.48 

0.42 

0.46 

0.55 

0.49 

MgO 

19.68 

20.28 

16.76 

17.27 

20.25 

18.30 

23.46 

20.70 

19.91 

20.29 

CaO 

0.22 

0.17 

0.20 

0.09 

0.13 

0.17 

0.06 

0.10 

0.10 

0.08 

Na 2 0 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

Total 

99.5 

99.7 

100.5 

99.1 

100.5 

99.5 

99.9 

100.9 

99.8 

100.7 


* 

* 

* 

• 

* 

* 



* 


Mg' 

0.44 

0.45 

0.38 

0.39 

0.44 

0.41 

0.50 

0.45 

0.44 

0.44 

Fa 

55.8 

54.9 

62.0 

60.9 

56.1 

58.8 

49.7 

54.9 

55.7 

55.7 

Fo 

43.8 

44.8 

37.7 

39.0 

43.7 

40.9 

50.2 

44.9 

44.1 

44.2 


All Fe assumed to be Fe 2 \ (*) Analyses of grains < 100 microns across, therefore CaO concentrations may be 
high due to fluorescence from adjacent plagioclase or augite. Sample 67513,7157 is a composite fragment 
containing feldspathic glassy-matrix melt breccia welded to a relatively coarse-grained olivine-gabbroic- 
anorthosite lithology that has relict igneous texture. Although this sample is not described in the text, its olivine 
composition is included here because coarse olivine is rare among the ferroan mafic lithologies in 67513. Clast 
1 occurs in the melt breccia, and those designated as coarse, relict igneous (cs R. Ign) and very’ fine grained (vf- 
grain) coexist with plagioclase (An 96.7), orthopyroxene (Mg' 0.58), and clinopyroxene (Mg' 0.66) in the olivine- 
gabbroic-anorthosite lithology Olivine in this lithology is not mantled by orthopyroxene. Olivine in 
67513,7165 occurs as mafic granules within a coarse plagioclase grain (An 96.7), coexisting with orthopyroxene 
(Mg' 0.56), in a monomict ferroan-anorthositic breccia. Olivine in 67513,7167 occurs as -100 pm grains in a 
lithic clast with plagioclase (An 96.8) and pigeonite (Mg’ 0.58). 


several hundred microns, and many comprise only a few grains hav- 
ing relict igneous contacts. Lithic-clast assemblages in this sample 
( similar to those in ,7008 ) are unusual compared to most other mafic 
lithic fragments from 67513 in that they contain appreciable olivine 
in addition to plagioclase and exsolved pyroxene. Pyroxene and ol- 
ivine grains are highly ferroan (Tables A3 and A5) and ilmenite and 
Cr-spinel are common and com positionally similar to those in 
67513,7012 and ,7097 (Table A4). 


The bulk composition of 67513,7088 (Table A ( ) is ferroan 
( Mg' = 0.53 ) and is among the most mafic of the polymict samples 
( FeO > 8% and Sc ~ 16 ppm). The composition of the melt-breccia 
matrix is very similar to the bulk composition of the sample, sug- 
gesting that the precursor of both melt and clasts was the same li 
thology, distributed widely enough ( laterally or vertically ) to form 
melt in one region that was then mixed with unmelted clasts of the 
same rock elsewhere. 



